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ABSTRACT 

A critical  review  is  made  of  information  (as  of  December  1976)  relative 
to  effects  of  aircraft  emissions  (N0X,  S02,  HgO)  projected  to  1990  on  the 
earth's  protective  ozone  shield  and  on  mean  surface  temperature,  as  estimated 
from  appropriate  mathematical  models.  Potential  biological  effects  are  not 
reviewed. 

The  review  provides  Information  showing  the  large  uncertainties  in  com- 
putations of  effects  on  ozone,  due  to  uncertainties  in  N0x  emission  indices 
(accepted  values  may  be  several-fold  low),  in  chemistry,  in  troposphere-strato- 
sphere interchange  processes,  and  in  future  stratospheric  composition  (princi- 
pally chlorine  content);  estimates  of  effects  can  be  expected  to  change  as  new 
data  are  obtained.  Current  results  indicate  that  aircraft  N0x  effects  on  the 
ozone  column  change  sign  with  aircraft  altitude:  subsonic  aircraft,  cruising 
at  6-km  to  14-km  altitude,  enhance  or  have  almost  no  effect  on  the  ozone  column; 
supersonic  aircraft  (mach-2  class),  cruising  at  16-km  to  19-km,  reduce  total 
ozone,  but,  for  given  NOx  rates,  by  amounts  less  than  previously  reported. 
Computations  based  on  a "high"  (rapid  growth)  estimate  for  the  1990  total  fleet 
of  subsonic  and  supersonic  aircraft,  assuming  current  engines  and  accepted  NOx 
emission  indices,  including  an  estimated  1^2  Concordes  and  Tupolevs,  showed  an 
average  ozone  enhancement  in  the  Northern  Hemisphere  of  about  O.1;  percent  to 
0.9  percent,  varying  with  season.  Potential  surface  temperature  effects  are 
very  poorly  established,  but  applications  of  existing  model  results  suggest  that 
such  effects  of  the  SST  portion  of  this  1990  "high"  fleet  would  be  small  (0  K 
to  0.02  K warming);  the  climatic  effect  of  the  subsonic  portion  of  the  1990 
"high"  fleet  was  not  estimated,  because  available  models  seemed  to  be  not  fully 
applicable.  Problem  areas  needing  further  work  are  indicated. 
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SUMMARY 


S.)  SCOPE 

In  this  paper,  the  potential  effects  that  aircraft  engine  exhaust  products, 
emitted  at  cruise  altitude,  may  have  on  the  earth's  protective  ozone  shield  and 
on  the  earth's  mean  surface  temperature  (here,  loosely,  "climate")  are  criti- 
cally reviewed,  using  information  available  as  of  December  1976.  The  nominal 
time  frame  involved  is  from  the  present  to  1990.  The  treatment  is  limited  to 
direct  effects,  emphasizing  potential  changes  in  the  ozone  column  (i.e.,  strato- 
spheric plus  tropospheric  ozone);  climatic  effects  are  discussed,  but  given 
less  emphasis.  Derivative  effects,  such  as  changes  in  skin  cancer  incidence 
resulting  from  changes  in  the  ozone  column,  or  possible  changes  in  biospheric 
productivity  due  to  climatic  changes,  are  not  reviewed  in  this  paper. 

Data  sources  for  this  review  have  included  the  "Report  of  Findings"  of  the 
U.S.  Department  of  Transportation  Climatic  Impact  Assessment  Program  (CIAP, 
December  1971*);  the  report  of  the  National  Academy  of  Sciences-National  Research 
Council  Climatic  Impact  Committee,  titled  "Environmental  Impact  of  Stratospheric 
Flight,"  (NAS,  1975);  and  the  United  Kingdom  Meteorological  Office's  "Report  of 
the  Committee  on  Meteorological  Effects  of  Stratospheric  Aircraft,"  (COMESA, 
1975).  Important  newer  material  obtained  under  the  High-Altitude  Pollution 
Program  (HAPP)  of  the  Ft  ral  Aviation  Administration,  the  successor  program  to 
CIAP,  is  also  included.  This  latter  material  includes  new  fleet  emissions 
forecasts,  "Stratospheric  Emissions  Due  to  Current  and  Projected  Aircraft 
Operations,"  (A.  D.  Little,  August  1976),  and  new  ozone  modeling  results  from  the 
Lawrence  Livermore  Laboratory  (LLL),  the  National  Center  for  Atmospheric  Research 
(NCAR),  and  the  Aerospace  Corporation.  Other  results  from  the  recent  literature 
and  from  our  own  analyses  are  also  included.  Modeling  results  and  applications 
to  fleets,  rather  than  the  details  of  the  models  themselves,  are  emphasized. 

S.2  PURPOSE 

The  purpose  of  this  effort  has  been  to  gather  and  compare  various  modeling 
results,  to  note  their  bases  and  limitations,  and  to  suggest  areas  which  appear 
to  be  in  need  of  further  study  or  measurements.  In  a broader  sense,  the  purpose 
of  this  effort  and  on-going  studies  under  HAPP  and  elsewhere,  is  to  be  able  to 
anticipate  and,  if  required,  to  take  appropriate  action  to  prevent  significant 
deleterious  effects  due  to  aircraft  effluents. 
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S.3  BACKGROUND 


The  three  major  studies  (CIAI , 1974;  NAS,  1975;  COMESA,  1975)  cited  above 
were  carried  out  between  1971  (or  1972)  and  1975.  The  focus  of  these  efforts 
was  on  the  effects  on  stratospheric  ozone  of  nitrogen  oxides  (NO  and  NO2  or  N0X) 
deposited  In  the  stratosphere  by  high-altitude  aircraft.  At  the  outset  of  these 
studies,  it  had  been  proposed  that  N0X  would  catalytically  destroy  stratospheric 
ozone,  with  possible  deleterious  biospheric  effects.  Water  vapor  emissions  had 
been  of  concern  earlier,  but  their  effects  on  ozone  had  largely  been  dismissed 
by  the  time  CIAP  began.  On  completion,  these  several  studies  agreed  with  regard 
to  the  existence  of  the  aircraft  N0X  effect  on  ozone,  but  disagreed — by  about  a 
factor  of  six — as  to  its  magnitude  for  aircraft  (such  as  the  Concorde  SST)  at 
17  km,  with  NAS  giving  the  largest  and  COMESA  the  smallest  estimates.  The  NAS 
and  CIAP  studies  both  concluded  that  subsonic  as  well  as  supersonic  aircraft 
would  reduce  the  ozone  column.  Indeed,  projections  in  CIAP  of  N0X  emissions  by 
subsonics,  and  particularly  by  advanced  subsonics  (which  may  cruise  to  14  km), 
implied,  by  the  NAS  and  CIAP  ozone  depletion  models,  a significant  and  relatively 
near-term  threat  to  the  ozone  column.  The  uncertainties  in  the  SST  case,  and 
questions  about  the  subsonic  case,  called  for  further  study. 

The  climatic  effects  of  SSTs  were  given  less  emphasis  in  these  studies, 
but  were  recognized  as  potentially  significant.  The  principal  exhaust  species 
studied  for  effects  was  SOg,  which,  when  oxidized,  forms  particles  of  sulfuric 
acid  which  were  argued  to  have  a cooling  effect  on  the  earth's  surface.  The 
SOg  comes  from  sulfur  in  the  fuel  which  is  present  typically  at  0.05  weight 
percent.  Water  vapor,  which  has  an  opposite  temperature  effect,  was  given  less 
attention.  Changes  In  NOg  and  in  ozone  were  also  :.ot-,d  to  have  possible  climatic 
significance.  Both  NAS  and  CIAP  studies,  on  the  basis  of  calculated  sulfur 
effects  alone,  recommended  fuel  desulfurization  in  the  future.  A review  of 
climatic  effects  also  seemed  called  for  in  this  effort,  although  the  climate 
problem  appeared  to  be  less  urgent,  in  a time  sense,  than  the  ozone  problem. 

Subsequent  to  the  CIAP  (1974),  NAS  (1975),  and  COMESA  (1975)  efforts,  the 
halocarbon  problem  attracted  major  study  attention.  The  halocarbon  studies  (see 
NAS;  1976,  1976a)  led  to  revisions  in  key  reaction  rates  in  the  stratosphere,  and 
introduced  new  chemistry,  which  had  an  impact  on  the  aircraft  NOx~ozone  problem. 
The  sensitivity  of  calculated  ozone  reductions  by  N0X  to  these  rate  changes  and 
to  uncertainties  in  these  rates  became  evident,  and  have  since  been  studied,  with 
results  described  in  the  following  material.  In  addition,  a class  of  reactions 
associated  with  methane  oxidation  in  the  presence  of  N0X  which  produce  ozone  and 
are  Important  in  the  troposphere,  were  not  included  In  CIAP  and  NAS  modeling; 
Inclusion  of  these  reactions  seemed  called  for  in  an  evaluation  of  the  effects 
of  subsonic  aircraft.  As  will  be  seen,  inclusion  of  these  various  changes  leads 
to  substantial  (if  preliminary)  changes  in  prior  conclusions:  current  results 
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indicate  that  effects  of  N0X  injections  on  the  ozone  column  change  sign  with 
altitude  of  injection,  with  enhancement  below  and  depletions  above  about  14 
km.  The  altitude  distribution  of  emissions  becomes  of  considerable  importance, 
calling  for  careful  evaluation  in  computing  effects  for  both  subsonic  and 
supersonic  aircraft. 

Interactions  between  N0X  and  chlorine  chemistry,  and  other  factors  which 
change  with  time,  add  new  uncertainties  to  projections  of  aircraft  effects  with 
time;  future  aircraft  effects  are  dependent  not  only  on  fleet  emissions,  but 
also  on  worldwide  decisions  yet  to  be  made  about  the  release  of  halocarbons 
into  the  atmosphere  and  on  the  content  of  nitrous  oxide,  which  may  be  affected 
by  fertilizer  usage,  but  is  increasing  with  time.  (The  nitrous  oxide  question 
is  not  pursued  herein.)  Other  more  important  uncertainties  exist,  however, 
with  regard  to  chemical  kinetics  and  atmospheric  dynamics,  and  these  are  the 
matters  of  more  immediate  concern  here. 

As  further  background,  it  is  clear  that  non-zero  perturbations  to  the 
environment  inevitably  result  from  man's  presence  and  from  all  of  man' 3 activi- 
ties, and  society  must,  in  all  cases,  balance  perceived  benefits  and  penalties. 
"Acceptable"  limits  for  ozone  change  or  for  climate  change  have  yet  to  be 
established.  As  purely  arbitrary  working  guidelines,  however,  the  Federal 
Aviation  Administration  has  set  as  goals  to  guide  aircraft  emissions  the  avoid- 
ance of  calculated  ozone  depletions  of  greater  than  0.5  percent  and  the  avoid- 
ance of  calculated  changes  in  mean  surface  temperature  of  more  than  0.1  K, 
both  effects  being  computed  for  the  Northern  Hemisphere  where  traffic,  and  thus 
effects,  are  concentrated.  Fleet  projections  are  needed  in  computing  future 
effects. 

The  current  findings  of  this  effort,  first  in  brief  and  then  in  more  detail, 
follow,  with  comparison  to  previous  studies.  Some  suggestions  for  further  work 
are  then  provided. 

S.4  CURRENT  FINDINGS 

$.4.1  in  Brief 

Current  resuit  i are  as  follows: 

A.  Uncertalnt  es 

In  general,  uncertainties  are  larger  than  indicated  previously  and 
inolude,  in  some  oases , questions  of  sign  as  well  as  magnitude . These  uncer- 
tainties must  be  reduced  in  order  to  improve  oonfidenoe  in  foreoast  of  future 
fleet  effeote  relative  to  HAPP  or  possible  other  guidelines . Continuing 
revisions  in  estimates  of  effeote  are  to  be  expected  as  work  progresses. 
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B . Growth  Rates,  Fuel  Consumption^  and  N0V  Emissions 

Expected  fleet  growth  rates,  future  fuel  consumption  by  SSTs,  and 
particularly  fuel  consumption  by  advanced  subsonics  at  peak  cruise  altitudes 
(approximately  14  km),  are  lower  than  indicated  in  CIA?.  A NOx  measurement 
technique  uncertainty  exists,  however,  which  suggests  current  NO emission 
indices  may  be  several-fold  low ; potential  NO contamination  rites  thus  need 
further  examination.  A mach-2.  7 SST  is  not  expected  by  1990.  Emission  reduction 
schedules  envisaged  in  CIAP  may  be  difficult  to  achieve. 

C.  Aircraft  Effects  on  the  Ozone  Column 

Ozone  chemistry  is  more  complex  and  uncertainties  regarding  effects  of 
NO^  injections  are  larger  than  previously  recognized.  Current  chemistry,  how- 
ever, leads  to  smaller  than  previous  estimates  of  reductions  in  the  ozone 
column  from  N0x  additions  at  SST  cruise  altitudes  (16-km  to  19-km  for  present 
SSTs),  and  to  enhancement  or  near -zero  effects,  rather  than  reductions,  in  the 
ozone  column,  from  NO addition  at  altitudes  typical  of  subsonics  (S-km  to  14-km). 
Reduction  in  ozone  from  N0x  additions  by  SSTs  increases  with  increasing  cruise 
altitude;  higher-altitude,  higher-mach-number  SSTs  would  have  greater  effects 
than  do  current  SSTs  per  unit  of  N0X  emitted.  Computations  using  a 2-D  model 
.'or  a projected  1990  "high"  (i.e.,  rapid  growth)  fleet  of  subsonics  and  super- 
sonics  (142  Concordes/Tupolevs),  with  current  emission  indices,  showed  a net 
average  ozone  enhancement  in  the  Northern  Hemisphere  of  0.^  to  0.9  percent, 
varying  with  season. 

D.  Climatic  Effects 

Climate-modeling  efforts  have  been  inadequate;  more  emphasis  on  the 
overall  effects  of  aircraft  exhaust,  rather  than  of  individual  species,  seers 
to  be  needed.  However,  use  of  existing  models  suggest  small  effects  from  the 
SST  portion  of  the  PAA  "high"  fleet  (0  to  0.02  K),  with  water  vapor  apparently 
having  the  dominant  effect.  It  is  argued  that  climatic  effects  of  subsonics 
cannot  be  estimated  using  available  models,  at  least  partly  because  effects  of 
-contrails,  which  may  be  significant  for  subsonics,  are  not  included  in  the 
models.  Should  an  advanced  SST  with  low  N0x  engines  be  proposed,  cruising  at, 
say,  20  km,  climatic  effects  would  definitely  need  careful  study. 

S.4.2  In  More  Detail 

A.  Uncerta inties 

Significant  uncertainties  exist  throughout  the  effects-computation 
process.  Some  of  these  are  described  further  below.  Fleet  forecasts,  the 
growth  of  SST  traffic  with  time,  the  altitude  (and  latitudinal)  distribution 
of  emissions,  and  emission  indices  all  involve  substantial  questions.  Ozone 
chemistry,  and  reaction  rates  at  stratospheric  temperatures,  are  inadequately 
established  for  the  problem  at  hand:  wide  variations  in  estimates  of  effects 
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of  N0X  on  the  ozone  column  are  possible  within  specified  reaction  rate  uncer- 
tainties. Atmospheric  dynamics^  in  particular  stratospheric-tropospheric 
exchange  processes,  also  Involve \wide  variations  in  estimates,  depending  on 
whether  a gaseous  tracer  (excess  aarbon-14),  or  particulate  tracer  (zirconlum-?5, 
strontium-90,  etc.)  is  used.  Future  stratospheric  chlorine  contents  affect 
future  fleet  effects,  and  depend  on\  worldwide  policy  decisions  not  yet  made. 
Possible  feedback  effects  may  affect  water  vapor  in  the  stratosphere  and  may 
amplify  or  reduce  both  ozone  and  climatic  effects;  these  have  not  been  investi- 
gated. Numerous  other  uncertainties,  some  very  fundamental  .In  nature,  also 
enter  into  the  climate-change  question. 

Present  overall  uncertainties  would  seem  to  be  unacceptably  large  in 
terms  of  the  forecasting  of  future  fleet  effects.  These  uncertainties  can,  in 
general,  be  reduced  by  further  measurement  efforts  in  the  laboratory  and  in 
the  field,  by  further  analysis  of  atmospheric  motions,  by  further  development 
and  testing  of  atmospheric  models,  and  by  further  refinement  of  fleet  emission 
estimates . 

B.  Fleet  and  Emissions  Forecast 

Much  of  the  emphasis  in  CIAP  was  on  future  fleets  which  included  a 
large  number  of  mach-2.7  aircraft  by  1990;  these  scenarios  are  no  longer  con- 
sidered realistic.  Projections  were  also  made  in  CIAP  of  possible  future  fleets 
which  included  only  present  SSTs  and  present  and  advanced  (747SP  type)  subsonic 
aircraft.  The  CIAP  and  more  recent  FAA-sponsored  projections  [by  Stanford 
Research  Institute  (SRI)  and  Arthur  D.  Little  (ADL)]  differ  in  several  ways 
which  Impact  on  the  magnitude  of  potential  effects  as  a function  of  time. 

Fuel  consumption  comparisons,  which  provide  a rough  measure  of  traffic 
growth,  are  shown  in  Table  S.l.  Note  the  substantial  differences  between  the 
SRI/ADL  and  CIAP  figures  for  fur  consumption  by  both  subsonics  and  SSTs,  the 
SRI/ADL  figures  being  larger  fr  subsonics  and  smaller  for  SSTs.  The  projected 
fuel  consumptions  In- the  1990  "ba  ;e"  (or  moderate  growth)  case  would,  according 
to  the  FAA,  correspond  to  a fleet  of  about  88  Concorde/Tupolev  SSTs,*  4025 
widebody  subsonics,  and  1880  standard-body  subsonics.  Prorating,  the  number 
of  such  SSTs  in  the  1990  "high"  (or  rapid-growth)  case  is  142,  or  in  the  CIAP 
upperbound  (present  SST  only)  case,  about  267.  The  figure  quoted  in  CIAP  for 
the  CIAP  upper  bound  case,  allowing  fewer  hours  per  day  per  aircraft,  was  378 
Concorde/Tup>fi  i evs . 

The  altitude  distribution  of  fuel  consumption  and  pollutants  emitted 
also  differ;-  between  FAA  and  CIAP  projections.  An  important  point  with  regard 
to  advanced  subsonics  follows  from  the  data  In  Table  S.2. 

*The  contractor's  report  (SRI,  1976)  indicated  a belief  that  even  this 
level  of  SST  usage  in  1990  Is  highly  optimistic. 


TABU  S.l.  PROJECTED  FUEL  CONSUMPTION  COMPARISONS,  109  kg/yr 


CIAP 

a 

SRI/ADL  b 

Expected 

IITITlTriT— 

Base 

HI 

High 

Subsonic  SST 

mmmm 

SST  c 

Subsonic 

"in 

1970 

14.2 

0 

14.2 

0 

- 

_ 

_ 

1975 

- 

- 

- 

- 

45.5 

0 

45.5 

0 

1980 

35.7 

1.34  c 

50.2 

1 .6 

61.4 

0.86 

69.2 

0.99 

1 905 

- 

- 

- 

- 

81  .0 

2.54 

107.2 

3.39 

1990 

59.0 

- 

117.8 

12.6 

104.9 

4.88 

165.8 

7.89 

aFrom  9 

km  up . 

'’From  6 
1 n the 

km  up . 

6 -k;n  to 

Approximately  15  percent  of 
9-km  band. 

the  total 

subsonic 

fuel  is  used 

cConcorde/Tupo  I ev  assumed  for  this  case. 


TABLE  S.2,  PROJECTED  FUEL  CONSUMPTION  COMPARISONS  ABOVE  12-km 
BY  SUBSONIC  AIRCRAFT,  I O9  kg/yr 

Altitude  CIAP  FAA 


Band , 

1990 

7990 

T9W~  " 

1W 

km 

Expec  ted 

Upper  Bound 

"Base" 

" H 1 q h 1 

12-13 

Not 

resolved  by 

3.94 

6.17 

13-14 

1 - km 

i ncrements 

0.42 

0.65 

14-15 

0 

0 

12-15 

15.3 

28.5 

4.36 

6.82 

In  CIAP  studies,  all  subsonic s flying  beyond  1000  km  were  assumed  to 
enter  the  12-km  to  15-km  band,  and  all  such  emissions  were  then  assumed  to  take 
place  at  the  midpoint  of  the  band,  at  13-5  km.  Neither  assumption  is  correct, 
so  that  NOx  emissions  of  subsonics  in  the  12-km  to  15-km  band  were  overstated 
in  CIAP  terms  of  both  magnitude  and  altitude.  iUmllar ly,  advanced  subsonics, 
such  as  the  7 ^ 7SP , were  assumed  t.o  cruise  at,  all  t 1 in—:*  ni.  13-5  km  (1*4,300  ft). 

These  aircraft  are  capable  of  a maximum  flight  altitude  of  13.7  km  (45,000  ft) 
when  near  the  end  of  cruise,  but  the  emlsslons-wei ghtod  mean  operating  altitude 
is  considerably  lower,  with  a major  portion  of  the  emissions  below  12  km.  This 
point  is  important,  in  that  NO  effects  on  the  07,otie  column  vary  significantly 
with  altitude. 

Fuel  consumption  figures,  when  multiplied  by  emission  index  data,  provide 
the  emissions  data  needed  to  compute  aircraft  effe  ts . Currently  accepted  NOx  emis- 
sion indices  are  eased  on  techniques  which  involve  pl-<>  • rumpling:  of  the  exhaust 
stream  to  obtain  NO  and  NO.,  (much  smaller)  contents  w'lu  known  fuel-to-air  ratios. 

An  alternative  in-eitu  measurement  technique  using  ultraviolet  spectrometry  sug- 
gests the  probe  data  may  be  in  error.  Data  in  Table  S-3  are  illustrative.  Later 
data  have  not  resolved  the  issue. 
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TABLE  S.3. 

NO  CONCENTRATION  MEASUREMENTS  BY 
PROBE  AND  SPECTROMETER  TECHNIQUES 

Simulated 
Mach  No. 

Altitude,  ft 

Power  NO 

Setting 

Concentration 
by  Probe,  ppm 

NO  Concentration 
by  Ultraviolet 
Spectrometry,  ppm 

2.0 

55,000 

Mil itary 

70 

165 

2.6 

65,000 

Military 

100 

323 

2.6 

65,000 

Maximum 

afterburner 

130 

617 

Source:  Davidson  and  Domal  , 1973 


Calculations  in  this  and  prior  reports  are  all  based  on  the  accepted 
procedures,  which  utilize  probe-sampling  techniques. 

Emission-reduction  schedules  are  outlined  in  CIAP,  suggesting  a six- 
fold reduction  in  the  NOx  emission  index  for  the  fleet  over  the  period  1985-1990, 
and  larger  reductions  thereafter.  This  schedule  may  well  be  optimistic,  con- 
sidering the  delays  encountered  In  meeting  more  modest  reductions  in  low-altitude 
emissions  and  the  early  status  of  the  lean  premix  concepts  involved.  In  fact, 
as  older  engines  are  replaced  with  more  efficient  modern  engines,  with  higher 
operating  temperatures,  the  average  cruise  emission  index  for  the  subsonic  air- 
craft fleet  may  well  increase  over  the  figures  used  in  CIAP. 

An  altitude-latitude  distribution  of  N0x  emissions  for  a "1990-high" 
fleet,  with  today's  N0X  emission  indices  for  the  aircraft  specified,  .s  given 
later  in  this  summary. 

C.  Aircraft  Effects  on  the  Ozone  Column 

1 . Uncertainties  in  Effects  of  SSTs  due  to  Uncertainties  In  Chemical 

Kinetics  and  Dynamics  Uncertainty  studies  have  been  done  with  one-dimensional 

(1-D)  models,  in  which  vertical  motions  in  die  atmosphere  (dynamics)  are 

parameterized  by  the  so-called  "K  profile,"  a number  of  which  are  available  and 

z 

have  been  used.  Two  such  profiles,  one  representing  relatively  rapid  lower 
stratospheric-tropospheric  exchange  processes  (Chang/197^)  and  one  relatively 
slow  (Hunten/19710 , have  received  most  use.  Table  S.^  shows  the  range  of 
extreme  ozone  change  values  which  can  be  calculated  within  quoted  ranges  of  rate 
constants  and  with  the  two  estimates  for  dynamics. 
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TABLE  S.4. 


THE  RANGE  OF  ESTIMATES  OF  GLOBAL  AVERAGE  PERCENTAGE 
OZONE  CHANGE  DUE  TO  UNCERTAINTIES  IN  KINETICS  AND 
DYNAMICS;  NOx  INJECTION  RATE  AT  17  km,  2.46  x 10a 
kg/yr  AS  NO£ 

1-D  Dynamics,  Kz 

Kinetics  Chang/1974  Hunten/1 974 

Maximized  effects  of  NOx  -8.06  -16.95 

Minimized  effects  of  NOx  +2.22  +1.00 

Source:  Lawrence  Livermore  Laboratory,  1976. 

The  Injection  rate  corresponds  to  an  extremely  large  (approximately 
4000),  globally  dispersed  fleet  of  Concordes.  Both  large  negative  and  small 
positive  values  of  ozone  change  can  be  computed,  although  these  extreme 
(maximized  or  minimized)  computed  effects  have  negligibly  small  (but  difficult 
to  quantify)  associated  probabilities.  Uncertainties  in  parameterized  dynamics 
also  have  a strong  effect,  as  indicated  in  Table  S.4;  in  some  cases  (not  shown 
in  Table  S.4),  the  sign  of  the  effect  on  the  ozone  column  has  been  found  to 
change  with  K2  choice.  A further  ambiguity  arises  in  interpretation  of  1-D 
results:  some  modelers  consider  such  results  to  be  mid-latitude  effects  and 
some  consider  them  to  be  global  average  effects.  A 2-km  flight  altitude  adjust- 
ment recommended  in  NAS  (1975),  for  mid-latitude  traffic  for  the  Hunten  model, 
is  not  included  in  Table  S.4  (see  Table  S.5  below).  The  model  atmosphere  used 
in  the  Table  S.4  results  included  no  chlorine  chemistry. 

Water  effects  from  aircraft  exhaust  were  also  studied  briefly  in  these 
uncertainty  studies.  It  was  found  that  when  NOx  effects  are  maximized,  water 
vapor,  which  is  also  present  in  the  exhaust,  increases  ozone;  where  NOx  effects 
are  minimized,  the  i er  emissions  reduce  ozone.  These  effects  vary  with  K , 
and  could  be  signifi  . .nt.  with  large,  low  N0X,  possibly  hydrogen-fueled,  SST 
fleets. 

2 . Effects  of  P-ecent  Revisions  in  Reaction  Rates  and  Chemistry  on  SST 
Effects  While  uncertainties  in  ozone  changes  due  to  uncertainties  in  reaction 
kinetics  must  be  recognized,  the  estimated  effects  using  current  values  for 
reaction  kinetics  are  of  more  interest.  In  this  connection,  it  is  found  that, 
in  general,  as  later  mere  complex  chemistry  has  been  included,  calculated 
effects  of  NOx  injections  by  SSTs  seem  to  have  decreased;  this  effect  may,  of 
course,  not  persist  as  new  rate  data  are  obtained  or-  available  rate  data  re- 
examined. Representative  data  are  given  in  Table  S.5. 
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TABLE  S.5. 


REPRESENTATIVE  CHANGES  IN  COMPUTED  OZONE 
COLUMN  REDUCTIONS  DUE  TO  SSTs  (PERCENT)  * 


Global  average  values 

1 

* 

Hemisphere 

values  1 , 

N0X  input  * 2, 

46  x 109 

kg/yr 

N0X  = 1.23 

x 109  kg/yr 

Chang/1974  Kz 

Chang/1976  Kz 

Hunten/1974  Kz 

Injection 
altitude,  km 

17  20 

17 

20 

17(15)  1 

20(18)  1 

CIAP  Report  of 
Findings,  1974 

-5.1  -10.6 

- 

- 

-16  3 

-23  3 

NAS,  1975 

- 

- 

- 

-8.97 

-17.4 

Revised  OH  + HOo; 
inclusion  of  « 
CH4  oxidation 

-1.75  -5.21 

** 

-6.68 

LLL  chemistry, 
1976,  no  C1X 

-0.055  -2.92 

-1.15 

-4.20 

-4.06 

-10.64 

LLL  chemistry,  4,5 
1976,  1 ppb  C1X 

-0.70 

-3.26 

-2.79 

-8.76 

LLL  chemistry,  r 

1976,  2 ppb  C1X  s 

“ ** 

-0.40 

-2.61 

-2.33 

-8.06 

♦Most  of  these  results 

are  from  Lawrence  Livermore  Laboratory. 

1.  These  calculations  were  made  at  Lawrence  Livermore  Laboratory  with  a 
global  Injection  rate  of  2.46  x 10$  kg/yr  NO2  at  1 7 - km  or  20-km  model 
altitude.  The  results  may,  according  to  NAS,  1976,  be  Interpreted  as 
a hemispheric  value  for  the  Hunten  model  for  half  this  Injection  rate 
for  a mid-latitude  fleet  2-km  lower  (as  shown  in  parentheses)  than  the 
model  Injection  altitude. 

2.  A simplified  methane  oxidation  pathway  is  Included. 

3.  The  LLL  computational  model  with  CIAP  chemistry  gives  higher  depletions 
with  the  Hunten  Kz  profile  than  does  the  NAS  formula.  See  Fig.  A. 38, 

p.  145,  NAS,  1973 . 

4.  Includes  ClONOg  in  manner  which  may  overestimate  N0X  effects  on  ozone. 

5.  1-ppb  Cl  X may  be  a reasonable  current  value;  2 ppb  might  be  1990  value. 


In  Table  S.5,  the  first  two  rows  correspond  to  results  based  on 
chemistry  used  in  the  1973-1971!  period.  During  the  halocarbon  studies,  a 
ten-fold  reduction  in  the  rate  of  the  reaction  OH  + H02  ■+  H20  + 02  was 
recommended.  This  reduction  reduced  computed  effects  at  17  1cm  with  the  Chang/ 
197^  Kz  profile  by  about  60  percent.  The  third  row  entries  show  the  combination 
of  this  revision  plus  the  incorporation  of  a simplified  methane  oxidation  pathway 
and  certain  other  more  detailed  changes.  A reexamination  of  the  kinetics  of 
certain  critical  reactions  then  led  to  use  of  a number  of  revised  rates  forming 
"LLL  1976  chemistry"  with  still  lesser  effects  resulting.  A shift  to  the  Chang/ 
1976  K_  profile  (which  was  developed  during  studies  on  halocarbon  effects), 

however,  increased  the  effect  over  that  computed  with  the  Chang/1971!  K_  profile. 
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Inclusion  of  1-ppb  active  chlorine  (a  plausible  current  value)  in  the  model  then 
reduced  the  effects  again;  use  of  2 ppb,  as  might  be  the  case  for  1990,  caused 
further  reductions.  N0X  effects  on  the  ozone  column  decrease  as  chlorine  content 
increases;  effects  of  water  injections,  however,  may  increase. 

Uncertainties  in  dynamics  to  be  used  in  1-D  models  are  not  easily 
resolved,  although  they  are  clearly  of  major  importance,  as  indicated  by  the 
above  results.  In  general,  the  Hunten/1974  K„  profile  has  been  supported  (in 

it 

the  critical  lower  portion  near  the  tropopause)  by  analysis  of  gaseous  tracer 
(excess  carbon-14)  data,  whereas  the  Chang  profiles  near  the  tropopause  give 
better  agreement  with  particulate  tracer  data.  Uncertainties  exist  in  both 
types  of  data.  An  analysis  included  here  (Appendix  C)  of  particulate  tracer 
data  (zirconium-95)  injected  by  Chinese  weapons  tests  supports  previous  estimates 
based  on  particulate  tracers. 

3 . Effects  of  Aircraft  NOk  at  Different  Altitudes  (Subsonlcs  vs 
Supersonlcs ) ; Crutzen  ?-D  and  Earlier  Results  Pour  perturbed  atmosphere  model 
runs  were  carried  out  it  the  National  Center  for  Atmospheric  Research  (NCAR)  in 
a Joint  effort  between  Dr.  P.  J.  Crutzen,  as  part  of  his  on-going  studies  there, 
and  IDA,  in  early  1976.  Details  are  reported  in  Appendix  A.  The  model  used 
was  the  Crutzen  2-D  model.  This  model  included  the  ozone-forming  methane- 
oxidation  reactions,  and,  being  a 2-D  model,  permitted  estimation  of  seasonal 
and  latitudinal  effects  for  latitudinally  distributed  sources. 

The  model  used  rather  complete  oxygen-hydrogen-nitrogen  atmospheric 
chemistry,  but  did  not  include  chlorine.  The  model  used  a three-fold  lower  rate 
for  the  OH  + H02  reaction  than  was  used  in  earlier  CIAP  and  NAS  efforts,  but  the 
rate  used  was  still  three-fold  larger  than  recommended  in  the  later  halocarbon 
studies. 

Four  altitudes  were  studied  (10.8,  12.7,  14.5,  and  18.0  km)  with  N0X 
sources  distributed  latitudinally  according  to  CIAP  traffic  projections.  The 
four  altitudes  used  covered  the  range  of  present  and  advanced  subsonlcs  and  the 
present  mach-2  Concorde.  A considerable  mass  of  data  was  obtained  (see  Appendix 
A);  however,  the  annually  averaged  results  for  the  25°  N to  45°  N latitude  band 
are  perhaps  of  greatest  interest,  and  can  be  compared  to  the  NAS  and  CIAP 
adjusted  1-D  model  results,  as  shown  in  Fig.  S.l.  Linearity  of  ozone  effects 
with  NOx  injection  rate  was  assumed  in  converting  the  four  available  2-D  model 
runs  to  the  hemispheric  injection  rate  shown  in  Fig.  S.l,  the  rate  used  earlier 
in  Table  S.5.  Linearity  of  effects  with  N0X  Injection  rates  has  not,  however, 
been  studied  in  the  2-D  models. 

The  Crutzen  model  results  are  considered  to  be  preliminary  by 
Dr.  Crutzen  in  view  of  uncertainties  in  both  the  chemistry  and  dynamics  and  in 
recognition  of  the  need  for  further  model  development.  The  great  difference 
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FIGURE  S.l.  Ozone  column  change  results  by  various  models.  The 

Injection  rate  assumed  at  each  altitude  Is  1.23  x 109 
kg  NO  (as  N02)  per  year  Into  a hemisphere.  The  NAS 
and  CiAP  curves  are  based  on  1-D  model  results, 
adjusted  to  correspond  to  changes  to  be  expocted  In 
the  "hemisphere"  (NAS)  or  "corridor"  (CIAP).  The 
cu>"ve  at  the  right  represents  annually  averaged 
results  for  25°  N - 45°  N from  runs  with  the 
Crutzen  2-D  model  adjusted,  assuming  linearity,  to 
the  same  total  Input  rate,  as  for  the  other  curves, 
but  distributed  by  latitude  according  to  CIAP 
traffic  estimates.  The  Crutzen  results  are  after 
6 model  years. 
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between  these  results  and  prior  results  should,  however,  be  noted,  as  should  the 
fact  that  the  model  shows  enhancement  rather  than  reduction  (as  in  the  other 
models)  in  the  ozone  column  for  N0X  injection  below  about  14  km.  These  results 
indicate  that  subsonics  enhance  but  supersonics  reduce  ozone;  furthermore, 
effects  of  SSTs  are  generally  smaller  than  found  in  the  earlier  models.  Where 
ozone  enhancements  occurred,  the  ozone  Increase  came  about  due  to  increased 
ozone  concentrations  near  flight  altitude.  Effects  at  low  latitudes  were  smaller 
than  at  midlatitudes  in  the  Northern  Hemisphere.  In  some  cases,  enhancement  was 
noted  in  the  Northern  Hemisphere  and  alight  depletions  in  the  Southern. 

A full  explanation  of  the  differences  between  the  Crutzen  2-D  model  and 
prior  results  cannot  be  offered.  It  should  not  be  concluded  that  the  reduced 
effects  are  due  only  to  inclusions  of  the  methane  oxidation  reactions  and  the 
use  of  a lower  OH  + H02  reaction  rate. 

4.  1990  Fleet  Effects  on  Ozone  An  original  goal  of  this  effort  was  to 

estimate  effects  on  ozone  of  future  fleets  as  a function  of  time.  The  complexi- 
ties in  chemistry,  possible  changes  in  stratospheric  chlorine  content  with  time, 
an  apparent  need  for  further  examination  of  fleet  emission  estimates,  and 
limited  modeling  results  have  forced  postponement  of  this  goal.  However,  to 
gain  an  appreciation  of  possible  effects,  an  IDA-modified  "1990  high"  emissions 
estimate  was  developed,  based  on  SRI/ADL  estimates,  but  with  adjustments  (upward 
in  altitude)  of  SST  emissions  and  of  the  total  of  subsonic  emissions,  both  of 
which  were  done  to  achieve  better  correspondence  with  data  reported  elsewhere 
and  believed  to  be  reliable.  No  NOx  technology  improvements  were  included. 

The  various  adjustments  need  further  evaluation.  The  resulting  total  modified 
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fleet  emissions  of  NOx  were  2.8l  x 10  kg/yr  as  N02,  with  altitude  and  latitude 
distributions  summarized  as  given  in  Table  S.6.  The  actual  emissions  model 
used  1-km  vertical  (above  6 km)  and  10-degree  latitudinal  resolution. 

TABLE  S.6.  DISTRIBUTIONS  OF  N0X  FROM  1990  "HIGH"  FLEET 
(MODIFIED) ; TOTAL  N0X:  2.81  x 1 0»  kg/yr 


Percent  of 

Percent 

Altitude  Band, 

Total  N0X 

Latitude 

of  total  N0X 

km 

Emissions 

Band 

Emissions 

[ 

6-  9 

17.91 

60-90°  N 

2.10 

i 

9-12 

75.78 

30-60°  N 

73.80 

t. 

(; 

12-14 

3.46 

0-30°  N 

18.04 

i. 

14-16 

0.84 

0-30°  S 

4.74 

t; 

16-18 

1.67 

30-60°  S 

1 . 32 

* 

18-19 

0.34 

60-90°  S 

0 

This  1990  "high"  fleet  includes  the  equivalent  of  142  Concordes  and 
Tupolevs,  based  on  PAA  figures.  (However,  see  note,  p.  S-5.)  A larger  number 
(201)  would  have  been  implied  by  the  figures  used  in  CIAP  yearly  for  fuel  flow 
per  aircraft,  wherein  fewer  hours  per  day  were  assumed  per  aircraft. 

These  emissions  were  studied  in  the  1-D  model  at  Lawrence  Livermore 
Laboratory  (Pig.  S.2)  and  in  a 2-D  model  (Pig.  S.3)  at  Aerospace.  Neither  run 
included  chlorine  effects  nor  the  effects  of  added  water.  The  Aerospace  model 
used  approximately  the  same  "1976  chemistry"  as  did  Lawrence  Livermore  Laboratory, 
but  more  complete  (although  still  not  well  established)  methane  oxidation 
chemistry,  slightly  revised  from  that  used  by  Crutzen.  The  dynamics  used  in  the 
Aerospace  2-D  model  reasonably  reproduce  the  excess  carbon-14  data.  Both 
modeling  approaches  showed  slight  enhancement  in  ozone  columns,  but  magnitudes 
varied.  For  the  2-D  model,  ozone  enhancements  of  0.4  to  1.4  percent  (after  5 
years)  were  found  in  the  Northern  Hemisphere,  varying  with  latitude  and  season; 
enhancements  (not  shown)  were  also  found  in  the  Southern  Hemisphere.  The  1-D 
model,  with  simplified  methane  oxidation  chemistry  (which  probably  underestimates 
ozone  production)  showed  global  average  enhancements  of  less  than  0.1  percent, 
with  both  Chang/1976  and  Hunten/.  /4  K profiles.  A netting  out  of  ozone 
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production  and  destruction  effects  is  involved  in  both  models,  so  that  the  ratio 
of  results  is  sensitive  to  slight  modeling  differences. 

5.  Caveats  on  Fleet  Results  A number  of  caveats  must  be  noted  with  regard 
to  the  foregoing  results.  The  uncertainties  in  1-D  results  already  described 
apply;  similar  uncertainties,  in  general,  apply  to  2-D  models.  These  runs  did 
not  include  chlorine  chemistry  nor,  like  most  modeling  exercises,  did  they 
include  any  effects  due  to  water  injection  from  the  exhaust.  The  2-D  models  may 
not  have  reached  steady-state,  particularly  in  the  Southern  Hemisphere.  Methane 
oxidation  chemistry  is  not  well  established,  and  its  uncertainties  have  not  been 
explored.  The  assumed  NOx  emission  indices  were  based  on  probe-sampling  tech- 
niques, which  may  be  lower  in  general  but  not  uniformly  low  for  different  air- 
craft; the  SST  (ozone-reducing)  component  of  the  fleet  might  increase  relative 
to  that  of  the  subsonic  portion.  The  chemical  kinetics  used  will  probably  be 
revised  as  more  data  becomes  available.  Various  thermal  effects,  and  possible 
feedback  effects,  have  not  been  explored. 

A further  point  is  that  the  enhancements  noted  include  a combination  of 
ozone  enhancement  at  low  to  medium  altitudes  and  ozone  reduction  at  high  alti- 
tude, the  latter  effect  being  of  smaller  absolute  magnitude.  The  distribution 
of  this  average  effect  over  the  globe  in  the  1-D  model  or  around  the  zones  in  a 
2-D  model  is  in  question.  The  point  is  considered  briefly  in  this  document  for 
the  2-D  case;  a tentative  conclusion  is  drawn  that  zonal  nonuniformity  would  not 
involve  some  regions  with  high  enhancement  and  other  regions  with  depletions. 

The  point  needs  further  study. 
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FIGURE  S.3.  Aerospace  Model  Results  for  Modified  1990  "High"  Fleet 
Source:  Wldhopf,  1976 


D.  Aircraft  Effects  on  Climate 


Potential  climate  changes  due  to  aircraft  exhaust  species  were  studied 
in  both  CIAP  and  COMESA.  The  effort,  however,  (at  least  in  CIAP)  was  consider- 
ably less  intense  than  was  the  effort  on  the  ozone  problem.  COMESA  found  the 
problem  to  be  rather  insignificant,  finding  that  1000  Concordes  operating  5.5 
hours  per  day  would  have  a negligible  Impact  on  surface  temperature  [0.05  K or 
less  (cooling)].  In  the  CIAP  Report  of  Findings,  the  climate  change  question 
was  converted  to  a criterion  of  a 10  percent  change  in  stratospheric  optical 
depth  (emphasizing  aerosol  effects  from  the  sulfur  content  in  the  fuel),  which 
corresponds  by  CIAP  methodology  roughly  to  -0.07  K temperature  change.  The 
criterion  of  a 10-percent  change  in  optical  depth  permitted  a very  large  (2070) 
Concorde  fleet.  Both  COMESA  and  CIAP  found  the  aerosol  effect  to  be  larger 
than  the  water  effect,  roughly  by  a factor  of  2.  COMESA  argued  that  net  effects 
should  be  computed  for  the  total  of  the  various  exhaust  constituents.  (The 
approximately  0.05  K cooling  figure  quoted  above  does  not  Include  this  netting 
out.)  COMESA,  in  general,  indicated  good  agreement  with  CIAP,  except  that 
their  estimate  of  ozone  decrease  was  a factor  of  2 or  3 smaller,  and  its  climatic 
effect  correspondingly  lower  than  in  CIAP. 

The  various  climate  modeling  results  are  considered  herein,  but  1-D 
model  results  are  emphasized;  these  results  could  be  most  easily  applied  to  the 
aircraft  problem.  It  is  noted  that  available  model  results  for  different 
exhaust  species  involve  different  assumptions,  and  none  include  the  potentially 
important  effects  of  the  altitude  distribution  of  changes.  The  latter  effect 
could  not  be  included  here;  some  rough  approximations  w err  made,  however,  to 
put  the  effects  of  various  exhaust  species  on  a common  basis.  As  was  done  in 
CIAP,  the  burdens  at  steady-state  were  computed  from  1-D  Kz  profiles  (Chang/1974 
and  Hunten/1974) ; however,  for  aerosols,  a correction  was  made  for  gravitational 
settling  (sedimentation),  which  substantially  reduced  the  burden  of  particulates 
relative  to  water  vapor.  This  correction,  along  with  certain  other  revisions 
in  aerosol  cooling  and  water  vapor  warming  effects  resulted  in  water  vapor 
appearing  to  be  the  most  important  ingredient  in  the  climatic-change  sense. 
Further,  if  the  long  residence  times  implied  by  the  Hunten/1974  Kz  profile  are 
used,  a climate  change  criterion  of  0.1  K (warming)  could  become  of  significance 
if  a 20-km  cruise  altitude  (mach  2.7)  SST  should  be  proposed. 

Application  of  these  adjusted  models  to  the  1990  "high"  SST  fleet  (142 
Concorde/Tupolevs)  led  to  a calculated  hemispheric  mean  temperature  change  in 
the  range  of  0.0  to  0.016  K (warming).  The  models  were  not  applied  to  the  sub- 
sonic fleet  portion,  in  view  of  the  probable  dominant  effects  of  contrails, 
which  are  primarily  a subsonic  problem,  but  for  which  no  tie  to  numbers  of  air- 
craft has  been  made.  A COMESA  model  run  suggested,  however,  possibly  significant 
warming  due  to  contrails.  >' 
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The  uncertainties  in  climate-change  computations,  such  as  described 
in  the  foregoing,  can  hardly  be  overstated.  In  our  view,  however,  such  esti- 
mates provide  a necessary  preliminary  indication  of  the  risks  of  climate  change 
associated  with  SST  operations,  wore  sophisticated  work,  preferably  in  at  least 
two  dimensions,  and  recognizing  altitude  ana  latitudinal  distribution,  effects, 
is  to  be  encouraged. 

S.5  SOME  RECOMMENDATIONS  AND  SUGGESTIONS 

This  review  has  identified  a number  of  problem  areas  which  lead  to  signifi- 
cant uncertainties  in  the  calculated  results.  Many  of  these  problems  have  been 
recognized,  and  in  some  cases  programs  may  well  be  under  way  directed'  towards 
their  resolution.  The  following  suggestions  are  made  only  on  the  basis  of  the 
problems  indicated  herein,  and  are  not  necessarily  intended  to  imply  that  such 
work  is  not  currently  being  done. 

1.  Engine  N0x  emission  data  uncertainties  must  be  resolved , and  forecasts 
of  emissions  estimates  as  a function  of  latitude,  season,  and  altitude 

*.  must  be  improved.  Potential  HO  emission  reduction  schedules  should 
be  reexamined. 

2.  Detailed  study  is  needed  of  the  dynamics  important  in  the  region  of 
principal  aircraft  traffio,  S0°  to  55°  N,  and  at  altitudes  above  and 
below  the  highly  varying  tropopause  from,  say,  6 km  to  20  km. 

Such  data,  because  of  their  seasonal  and  latitudinal  variability, 
would  be  used  most  effectively  in  2-D  models,  but  a collapse  of  such 
data  to  1-0  would  be  useful  in  resolving  uncertainties  due  to  differing 
estimates  of  1-D  dynamics  near  the  tropopause . "Rainout  coefficients" 
also  need  better  resolution  for  N0„  and  its  derivatives. 

3.  Certain  reactions  and  species  critical  to  ozone  production  and 
destruction  need  additional  measurement  and  study.  Methane  (and  per- 
haps higher  hydrocarbon)  osone-f orming  reactions , a number  of  reactions 
involving  the  tfOg  radical,  the  reactions  forming  and/or  destroying 
HN03,  NO 3,  N206,  C10N0 2 (and  perhaps  other  C10X~N0X  interacting  species) 
are  all  in  this  category.  Both  laboratory  and  field  measurements  are 
needed;  field  measurements  should  include  simultaneous  measurements  of 
the  concentrations  of  a number  of  species  as  a function  of  altitude „ 
particularly  in  mid-latitudes. 

4;  As  stratospheric  H0X,  chlorine , and  water  content  all  affect  calculated 
ozone  changes  due  to  N0X  additions,  results  of  new  measurements  or  new 
projections  (as  policy  decisions  are  made)  should  be  incorporated  into 
the  models.  The  present  large  uncertainty  in  the  H 20  budget  raises 
questions  about  the  understanding  of  all  odd  nitrogen  budgets  and  needs 
resolution. 
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6.  More  attention  should  be  given  to  water  vapor  in  general , its  transport, 
its  climatic  effects  (including  possible  feedback  effects ),  its  ohemie- 
try  effects,  and  its  use  as  a tracer  in  the  stratosphere. 

6,  Ozone  models  need  additional  work,  using  1-D,  2-D,  and  eventually  3-D 
models;  pres  'nt  nnoertainties  seem  to  be  unacceptably  large: 

a.  I-P  models.  Reduction  in  the  uncertainties  regarding  the  beet 

representation  of  eddy  diffueivity  near  the  tropopauee  would  be 

desirable;  the  studies  outlined  in  (2)  above  may  help.  The 

implications  of  alternative  ahemistry'  and  other  variables  to 

derived  values  of  Kg  in  the  mid  and  upper  stratosphere,  and 

resultant  implications  to  aircraft  NO effects  would  be  of  interest. 

Inclusion  of  water  vapor  injections  along  with  NO  (tied  perhaps 

«z> 

to  excess  odd  nitrogen  in  the  model  by  emission  indices)  would 
clarify  water-effects  questions . Uncertainties  in  results  due  to 
uncertainties  in  methane  oxidation  and  related  chemistry  would  be 
of  interest.  The  effects  of  employing  flux,  rather  than  aonoentra - 
tion  boundary  conditions , as  for  methane,  should  be  investigated . 

b.  2-D  models.  At  present,  models  in  two  dimensions  seem  to  be 
particularly  useful  in  computing  aircraft  effects  in  view  of 
nearly  fixed  aircraft  cruise  altitudes  in  an  atmosphere  in  which 
tropopauee  heights  and  atmospheric  uynamioe  vary  with  season  and 
latitude.  Such  models  are  empirical,  so  that  data  from  a variety 
of  tracers  need  to  be  employed  in  model  development.  Chlorine 
ahemistry  should  be  included,  as  should  be  techniques  to  incorporate 
aircraft-added  water  vapor.  Procedures  to  reduce  computer  require- 
ments, perhaps  by  allowing  the  model  to  firsv  distribute  the  pollu- 
tant without  chemical  reactions,  should  be  considered.  Linearity 

of  effects  with  added  NO  for  sources  at  different  altitudes  should 
be  investigated,  ae  should  the  effeate  of  sources  at  different 
latitudes. 


A study  of  past  NOx  (and  other  contaminant)  perturbatione,  matching 
computed  reeultB  against  ozone  reoords,  could  be  a valuable  test  of 
the  models . Longer  runs  with  simulated  aircraft  fleets  should  be 
made  to  insure  that  steady -state  conditions  are  being  reported,  and 
transient  effeate  should  be  considered  for  fleets  changing  with 
time. 

Feedback  effects  may  also  be  important  and  should  be  investigated 
(see  item  7 below). 
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o.  3-D  models.  Theee  powerful  models  tend  to  be  computer-limited. 

Suoh  models , however,  can  be  need  without  chemistry  in  studies  of 
dynamics , and  should  be  useful  for  improvement  of  1-D  and  B-D 
models.  The  use  of  suoh  models  in  studies  of  the  distribution 
with  longitude  of  tropospherioally  enhanced  and  stratospheric  ally 
depleted  ozone,  as  deduced  from  2-D  models,  would  be  of  interest, 

7.  Improved  olimate  modeling , designed  to  estimate  the  overall  interactive 
climatic  effects  of  aircraft  exhaust,  rather  than  of  individual  com- 
ponents, is  needed  to  develop  better  understanding  of  the  climate-change 
question.  The  various  feedback  effects  (e.g.,  tropical  tropopause 
temperature  and  water  content)  and  latitudinal,  and  altitudinal  distri- 
bution questions  require  at  least  a B-D  model.  Since  such  modeling 
should  incorporate  chemistry,  then  the  model  would  also  be  an  ozone  model. 
Aside  from  interactions  with  the  ozone  question , the  climate  question 
seems  to  be  of  significance  primarily  to  the  advanced  SST  problem. 

Some  concern,  however,  exists  with  regard  to  contrail  effects  from 
present  suhsonics . 

8.  The  problems  associated  with  the  monitoring  of  airaraft  effects  will 
require  additional  study,  measurements,  and  modeling . The  many  eouraeo 
of  possible  ozone  change  (aircraft  NO^,  solar  proton  fluxes,  N ^0 

from  fertilizers  and  power  plants,  halooarbons,  eta.)  should,  in 
principle,  he  separated  in  terms  of  time  and  place  (latitude  and 
altitude)  where  effects  could  be  most  easily  discerned.  Model  exer- 
cises are  necessary  to  guide  efforts  aimed  at  distinguishing  among 
these  presently  small  and  complex  effects. 
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1.  AIRCRAFT  EMISSION:  POTENTIAL  EFFECTS 
ON  OZONE  AND  CLIMATE 

1.1  INTRODUCTION 

1.2  BACKGROUND 

In  1970  and  early  1971,  during  debates  on  the  U.S.  SST  program,  consider- 
able controversy  arose  as  to  the  effects  stratospheric  aircraft  might  have  on 
stratospheric  ozone,  which  shields  the  earth's  surface  from  harmful  ultraviolet 
light,  and  on  climate,  which,  of  course,  affects  all  aspects  of  life  on  earth. 

The  concerns  related  to  the  nature  of  the  stratosphere,  which  tends  to  hold 
pollutants  for  long  periods  of  time,  and  to  the  fragile  nature  of  ozone,  an 
unstable  trace  species,  the  concentration  of  which,  it  was  argued,  would  be 
reduced  by  nitrogen  oxides  present  in  aircraft  exhaust.  As  a result  of 
these  concerns  (although  the  U.S.  SST  program  was  stopped,  but  recognizing 
the  fact  of  SST  development  programs  elsewhere  in  the  world) , the  Climatic 
Impact  Assessment  Program  (CIAP)  was  implemented  by  the  U.S.  Department  of 
Transportation,  and  charged  with  pursuing  the  questions  raised.* 

The  CIAP  efforts,  which  involved  expenditures  of  some  $25  million  and 
inputs  from  hundreds  of  researchers  of  many  disciplines,  was  organized  in  such 
a way  as  to  provide  predictions  of  the  impacts  in  physical,  biospheric,  and 
economic  terms  under  various  forecast  air  traffic  and  emission  contx'ol  scenarios. 
The  program  was  essentially  completed  in  a technical  sense  in  December  197**, 
with  the  summary  report,  the  CIAP  Report  of  Findings  (Qrobecker  et  el.,  197**), 
being  delivered  to  Congress  in  February  1975:  detailed  supporting  documents, 
in  particular,  six  large  monographs,  were  delivered  in  later  months  in  1975* 


•For  readers  desiring  further  historical  background,  certain  papers  | 

and  documents  will  be  of  particular  interest.  These  include  the  SCEP  | 

(1970)  report,  the  Crutzen  (1971,  1972)  and  Johnston  (1971)  papers,  the  ■’ 

Commerce  Technical  Advisory  Board  (CTAB)  (1972)  report,  the  Australian  5 

Academy  of  Sciences  (1972)  report,  the  Report  to  the  House  Science  and 

Astronautics  Committee  (1971),  and  the  House  (1971)  and  Senate  (1971)  1 

Hearings  in  which  various  viewpoints  were  expressed.  The  testimonies  >; 

of  McDonald  (1971)  who  first  tied  SST  emissions  to  increased  skin  i 

cancer  incidence,  and  of  Newell  (1971)  who  discussed  climatic  and  j J 

ozone  effects  of  water  vapor  and  of  particulates  and  other  matters  of  | 'j 

interest  are  noteworthy.  Note  that  the  original  (pre-1971)  concerns  i 

about  ozone  depletion  due  to  SSTs  were  based  on  (erroneous)  estimates  ) 

of  the  effects  of  water  vapor  emissions,  rather  than  N0X  emissions.  j 

Possible  biological  effects  were  reviewed  by  the  National  Academy  of  ' 

Sciences  in  the  1973  report  (NAS-NAE,  1973).  ;j 


In  addition  to  the  CIAP  studies  (although  funded  by  CIAP),  a concurrent  and 
independent  study  was  carried  out  by  the  Climatic  Impact  Committee  of  the 
National  Academy  of  Sciences,  their  report,  "Environmental  Impact  on  Strato- 
spheric Plight,"  (NAS,  1975).  being  distributed  in  April  1975-  Independent 
studies  were  also  carried  out  in  Europe,  by  the  British  (COMESA,  "Committee  on 
Meteorological  Effects  of  Stratospheric  Aircraft"),  and  by  the  French  (COVOS, 
"Comity  sur  les  Consequences  des  Vols  Stratospheriques") . The  COMESA  report 
became  available  in  May  1976.  The  complete  COVOS  report  has  not  been  received, 
although  modeling  results  (Bertin  et  al.,  1976)  were  received  about  the  time 
this  document  was  being  finalized. 

The  CIAP  studies  were  concerned  not  only  with  aircraft  cruising  in  the 
stratosphere,  but  also  wit'  the  flight  of  rocket-powered  vehicles  through  the 
stratosphere.  Partly  as  a result  of  this  aspect  of  the  CIAP  investigations, 
the  question  of  chlorine  effects  on  the  stratosphere  arose  (the  space  shuttle 
booster  rockets  emit  HC1)  and  this  led  to  studies  of  the  fates  of  the  halo- 
carbons  widely  used  in  aerosol  spray  cans  and  refrigerants  (see  Molina  and 
Rowland,  1974).  These  concerns  led  to  a further  study  by  the  National  Academy 
of  Sciences,  which  has  had  an  impact  on  the  aircraft  problem.  Their  results, 

(NAS  1976,  1976a)  which  became  available  in  September  1976,  were  published  in  two 
related  reports,  "Halocarbons : Effects  on  Stratospheric  Ozone,"  and  "Halocarbonfs : 
Environmental  Effects  of  Chlorof luoromethane  Release."  This  investigation  has 
led  co  revisions  in  the  best  estimates  of  certain  reaction  rates  and  to  increased 
recognition  of  the  complexities  involved  in  the  atmospheric  ozone  problem,  as  will 
be  discussed  later  herein. 

Both  the  CIAP  Report  of  Findings*  (1974)  and  NAS  (1975)  reports  concluded 
that  large-scale  stratospheric  flight,  unless  accompanied  by  drastic  reductions 
in  nitrogen  oxide  emissions,  particularly  by  supersonic  aircraft  but  not  ex- 
cluding subsonic  aircraft,  would  lead  to  unacceptable  reductions  in  strato- 
spheric ozone.  Water  vapor  emissions  were  concluded  to  have  little  effect  on 
ozone.  These  reports  also  concluded  that  reductions  in  ozone  would  lead  to 
increases  at  the  earth's  surface  in  the  flux  of  ultraviolet  light  in  the  295-320 
nm  erythemal  (or  sunburn)  regime,  and  would  thereby  lead  to  increases  in  skin 
cancer  rate,  at  about  the  rate  of  2 percent  increase  in  skin  cancer  for  a 1 per- 
cent decrease  in  ozone  column.  The  climatic  effects  were  felt  to  be  less  predict- 
able, but  potentially  significant,  due  to  cooling  effects  of  aerosols  created 
from  sulfur  in  the  fuel;  desulfurization  was  called  for. 

The  magnitude  of  potential  aircraft-induced  effects  depends  on  the  rate  and 

5 altitude  fas  well  as  on  location  and  season)  of  introduction  of  pollutants  to 

the  stratosphere,  all  of  which  depend  on  the  size,  makeup,  and  route  structure 
of  future  aircraft  fleets  (and,  of  course,  on  any  emission  reductions  achieved). 

| CIAP  thus  developed  certain  fleet  forecasts,  largely  aimed  at  worst-case  analysis; 

1 ■ 
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j!  Or  "ROF, " for  convenience. 
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these  forecasts  were  largely  developed,  In  their  philosophical  basis,  prior  to 
the  steep  fuel  price  rise  following  the  oil  embargo  in  late  1973.  The  pro- 
jections included  both  subsonic  and  supersonic  aircraft,  but  the  emphasis  in 
computational  exercises  and  in  the  chemistry  employed  was  on  supersonic  aircraft. 
Nevertheless,  results  were  shown  (CIAP,  1974;  NAS,  1975)  which  implied  possibly 
significant  effects  of  subsonic  aircraft  alone,  in  the  not  too  distant  future. 
These  projections  and  their  suggested  effects  were  clearly  in  need  of  further 
careful  examination.  The  High  Altitude  Pollution  Program  (HAPP)  was  set  up  to 
pursue  these  matters,  under  the  sponsorsnip  of  the  Federal  Aviation  Administra- 
tion. The  work  reported  here  has  been  carried  out  under  HAPP. 

In  order  to  gain  further  perspective  on  the  time  frames  involved  in 
avoiding  deleterious  aircraft  effects,  recognizing  current  economic  conditions, 
HAPP  sponsored  the  development  of  revised  fleet  forecast  to  1990,  assuming 
present  and  projected  subsonics  and  only  current  SSTs  to  be  available.  HAPP 
also  suggested  tentative  guidelines  as  to  possibly  acceptable  changes  in  the 
ozone  column  of  0.5  percent  (decrease)  and  of  0.1  K,  both  in  the  Northern 
Hemisphere  where  fleets  are  concentrated.  These  tentative  guidelines  are  noted 
frequently  in  the  various  discussions  which  follow. 

1.3  OBJECTIVES  AND  LIMITATIONS 

This  study  has  several  objectives.  A principal  objective  is  to  review  and 
compare  results  of  three  principal  studies  which  have  appeared  on  the  aircraft 
effects  question  (CIAF  ROF,  1974;  NAS,  1975;  COMESA,  1975).  A second  objective 
is  to  review  and  summarize  progress  made  in  these  extremely  difficult  problem 
areas,  ^Ps  of  December  1976,  the  nominal  cutoff  date  for  input  to  the  report.  A 
part  of  this  second  objective  Is  to  develop  revised  estimates  of  potential 
future  aircraft  effects  (to  1990),  using  recent  FAA  projections  as  to  aircraft 
fleets  and  emissions;  effects  of  subsonic  aircraft,  and.  In  particular,  the  new 
higher  flying  subsonics,  such  as  the  747SP,  are  of  special  interest.  A third 


related  objective  is  to  consider  time-dependent  aspects  of  these  effects,  as  f '] 

fleets  generally  grow  with  time,  and  effects  would  be  expected  to  lag  fleet  ; \ 

r 1 

growth. 

; $ 

In  a broader  sense,  the  objective  of  this  work,  as  with  the  CIAP  and  HAPP  ! 

work  In  general,  is  to  provide  the  understanding  by  means  of  which  potentially  | i 

i 

significant  deleterious  effects  of  aircraft  can  be  anticipated  and  thus  avoided.  ■ ; 

Aircraft,  however,  have  long  life  times,  and  new  technologies  tend  to  be  proved  I 

and  applied  slowly.  Possible  adverse  effects  must  thus  be  anticipated  at  least  f 

a decade  before  their  occurrence,  so  that  this,  and  similar  work,  must  lean 

heavily  on  long-range,  and  clearly  debatable,  fleet  forecasts.  \ 

i 
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The  major  focus  of  this  review  and  study  effort  is  on  potential  changes 
in  the  ozone  column,  with  climatic  effects  being  given  lesser  emphasis.  As 
indicated  earlier,  the  time  frame  emphasized  is  from  the  present  to  1990.  This 
study  does  not  include  possible  biological  or  economic  effects;  fcr  these 
subjects,  the  reader  is  referred  to  CIAP  Report  of  Findings,  1974,  Monographs 
5 and  6 of  the  CIAP  series  (both  1975),  and  to  NAS  (1975)  and  NAS  (1976,  1976a) 
reports. 

Note  that  climatic  effects,  in  the  simple  terms  used  here,  refer  only  to 
computed  mean  hemispheric  temperature  changes  based  on  certain  mathematical 
models.  In  view,  however,  of  current  poor  understanding  of  climate  and 
climatic  changes,  such  computed  values  should  not  be  interpreted  to  be  pre- 
dictions, in  the  usual  sense,  of  the  effects  of  aircraft  exhaust;  these  numbers 
should,  instead,  be  viewed  as  semi-quantitative  estimates  of  the  climate  risks 
involved,  using  temperature  changes  as  a measure.  Some  quantification  of  these 
effects,  in  terms  of  best  estimates  using  current  models,  is  essential  in  view 
of  the  critical  Importance  of  climate. 

Finally,  before  going  in  depth  into  these  various  matters,  it  must  be 
appreciated  that  the  atmosphere  is  an  extremely  complex  system,  and  the  science 
of  trace  species,  their  motions,  and  their  effects  on  ozone  and  climate,  is  a 
developing  one.  While  policy  makers  must  always  act  on  the  basis  of  prudence 
and  risk,  the  possibility  always  exists  that  new  findings  may  drastically  change 
previous  conclusions.  In  general,  of  course,  continued  researc  leads  to  con- 
vergence of  fact  and  theory.  In  this  area,  such  continued  research  is  clearly 
essential.  In  reporting  on  these  matters,  therefore,  as  described  below,  a 
basically  chronological  approach  is  used,  the  reasoning  being  that  results  have 
differed  with  time  and,  to  date,  at  least  in  our  opinion,  few  "final"  answers 
have  emerged. 

1.4  ORGANIZATION  AND  GENERAL  CONTENT  OF  THIS  REPORT 


The  following  material  treats,  first,  CIAP  and  FAA  projections  as  to  air-  j 

craft  fleets  and  their  emissions,  nominally  to  the  year  1990.  No  attempt  is  } 

made  to  include  possible  reductions  in  emission  indices,  although  some  comments  ] 

are  included.  The  study  then  turns  to  the  major  question  of  interest,  i.e.,  j 

the  ozone  column  and  changes  In  it  which  may  result  from  these  projected  fleets  1 

(or  parametric  fleets),  based  on  various  1-D  and  2-D  models.  The  treatment  o 

'5| 

starts  with  model  results  available  about  at  the  end  of  CIAP  (December  1974),  i 

and  then  discusses  COMESA  results  and  Information  based  on  post-CIAP  modeling  | 

studies;  1-D  and  2-D  results  on  the  FAA  "1990-high"  fleet  are  included.  The  i 

' > 

uncertainties  are  discussed,  as  well  as  the  research  areas  which  appear  to  need  ) 

emphasis.  < 


The  climate  change  question  is  addressed  in  the  final  section.  For  reasons 
to  be  discussed,  it  is  concluded  that  little  can  be  said  about  climatic  effects 
of  subsonic  aircraft.  Available  1-D  model  results  are  applied  to  the  FAA  pro- 
jected SST  fleet  and  results  discussed. 

Six  appendices  follow  Section  4,  which  completes  the  main  text.  In  the 
first  of  these  (Appendix  A),  the  detailed  results  of  an  ozone  effects  study  are 
described  for  aircraft  at  different  altitudes  and  distributed  by  latitude;  this 
study  used  the  Crutzen  2-D  model,  and  was  carried  out  at  the  National  Center  for 
Atmospheric  Research  (NCAR).  The  second  appendix  (Appendix  R)  discusses  certain 
details  of  the  studies  by  COMESA  on  the  ozone  question.  In  the  third  appendix 
(C),  a study  is  reported  in  which  the  motion  of  zirconium-95,  injected  by 
Chinese  weapons  tests,  is  described  in  a 1-D  parameterization.  In  the  fourth 
appendix  (D),  available  1-D  parameterizations  of  atmospheric  motion  are  noted, 
and  residence  times  (burden/flux  for  continuous  injection)  and  injection  coeffi- 
cients computed.  In  Appendix  E,  possible  emission  index  constraints  on  a new 
SST  are  discussed,  assuming  HAPP  guidelines  are  followed;  this  treatment  is 
considered  primarily  as  indicating  an  approach  rather  than  one  of  definitive 
treatment,  in  view  of  the  great  uncertainties  involved.  In  Appendix  F,  the 
climatic  and  ozone  effects  of  e hypothetical  SST  fleet  building  up  with  time 
are  computed  using  a 1-D  approach  and  a very  simple  model.  The  illustration 
provided  is  Indicative  of  the  type  of  time-dependent  information  (preferably, 
however,  in  more  than  one-dimension)  which  modelers  might  eventually  be  asked 
to  provide.  The  final  appendix,  (F),  discusses  in  a preliminary  fashion  some 
issues  about  detectability  of  changes  in  ozone  and  climate  that  arose  during  and 
to  some  degree  subsequent  to  the  CIAP  program. 

For  convenience,  the  recommendations  resulting  from  this  work  have  been 
included  in  the  summary. 

1.5  ON  USE  OF  THIS  REPORT 

As  in  any  review,  a possibility  of  misinterpretation  of  original  sources 
exists.  Furthermore,  although  the  length  of  the  following  material  might 
suggest  otherwise,  an  effort  has  been  made  to  incorporate  as  much  material  as 
possible  herein  by  reference  rather  than  by  reproduction.  For  these  reasons, 
the  reader  is  urged  to  have  available  for  ready  reference  at  least  the  principal 
cited  documents  (CIAP  ROF,  1974;  NAS,  1975;  and  COMESA,  1975) • and  to  go  to 
other  original  published  sources  to  the  maximum  extent  feasible. 
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2.  AIR  TRAFFIC,  FUEL  FLOWS,  AND  EMISSIONS  PROJECTIONS 


2.1  INTRODUCTION 

As  indicated  earlier,  the  environmental  impacts  of  aircraft  of  concern  here 
depend  on  the  rates  and  locations — altitude,  latitude,  and  longitude — of  injec- 
tion of  certain  exhaust  species  of  interest.  The  rates  of  injection  depend,  in 
turn,  on  the  air  traffic  demand  (as  well  as  aircraft  types  and  load  factors 
achieved),  which  sets  fuel  flow  requirements,  and  on  the  emission  characteristics 
of  the  fuels  and  combustors  used.  Altitude  distribution  depends  on  the  types  of 
aircraft,  with  supersonic  aircraft  operating  higher  than  subsonic  aircraft;  geo- 
graphical distribution  depends  on  the  markets  served.  All  these  factors  change 
with  time;  furthermore,  the  environmental  effects  lag  the  aircraft  operations, 
so  that  the  effects  at  any  given  time  depend  on  prior  history,  which  means  that 
the  rate  of  traffic  growth  can  also  be  important.  (See  Appendix  F for  an 
illustration. ) 

While  these  matters  are,  in  fact,  exceedingly  complex,  usable  emission  rate 
estimates  can  be  developed  by  a combination  of  air  traffic  projections  (passenger 
and  freight),  and  their  corresponding  fuel  flow  requirements,  and  emission  index 
data  (emissions  per  unit  of  fuel  burned),  obtained  from  present  engines  and  fuels. 
Emission  indices  of  certain  critical  species  (NOx*,  S02)  can  be  changed  by  tech- 
nology; others  (HgO,  CC2)  cann.t,  except  by  change  of  fuel.  The  time  at  which 
emission  index  changes  may  be  necessary  depends  on  computed  effects  as  a function 
of  time,  recognizing  air  traffic  growth  projections.  Projected  fuel  consumption 
rates,  as  a function  of  altitude  (typically  in  kilograms  of  fuel  burned  per  year) 
and  emission  index  data  are  thus  the  fundamental  working  data  needed.  As  noted 
above,  altitude  and  geographical  distribution  of  emissions  depends  on  the  types 
of  aircraft  assumed  and  markets  served.  The  aggregation  of  emissions  permitted 
depends  on  the  model:  for  a 1-D  model,  global  totals  in  each  altitude  band  are 
used;  for  2-D  models,  zonal  totals**  in  each  altitude  band  are  used. 

In  quantifying  these  projections,  one  can  make  various  optimistic  or  pes- 
simistic assumptions  about  the  rate  of  growth  of  air  traffic;  optimistic  assump- 
tions about  growth  rates  obviously  make  any  associated  environmental  problems 
more  urgent  in  a time  sense.  One  can  also  make  various  assumptions  about  SSTs, 
present  or  advanced.  In  these  matters,  the  CIAP  projections  and  the  FAA  pro- 
jections which  follow  differ,  based  in  large  measure  on  the  differing  goals  for 
s 

N0„  on  a molar  basis  is  the  sum  of  NO  and  NOg,  on  a mass  basis  "as  NO2"  the 
molar  sum  is  assumed  to  have  the  molecular  weight  of  N0„. 

A zone,  as  used  here,  refers  to  the  region  between  two  latitudes  as,  e.g., 
between  30°  and  A0°  N. 
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which  the  projections  were  made  and  on  the  differing  times  and  economic  con- 
ditions at  which  the  projections  were  initiated.  Thus,  the  CIAP  projections 
were  initiated  in  1972,  before  the  steep  fuel  price  rise  in  late  1973,  were  long 
in  time — in  effect  to  2025 — and  tended  to  be  maximum-growth  and  mach-2.7-SST 
oriented.  The  PAA  projections,  initiated  in  1975,  were  intended  to  recognize 
current  economic  conditions,  and  that  a new  SST  would  probably  not  be  in  commer- 
cial operation  by  1990,  the  nominal  end  point  of  the  PAA  projections. 

Actually,  a number  of  QIAP  projections  were  made,  among  which  were  "realistic 
upper-bound"  and  "expected  traffic"  projections.  The  upper-bound  case  was  empha- 
sized, and  a number  of  fleets  (subsonic  and  supersonic  aircraft)  computed  to  serve 
the  associated  traffic,  including  a fleet  with  an  advanced  SST,  a fleet  with  only 
present  SSTs  available,  and  a fleet  with  no  SSTs.  The  "expected  traffic"  case 
was  treated  only  under  the  assumption  that  an  advanced  SST  would  be  available, 
and  concluded  that  24l  such  aircraft  would  (or  could)  be  in  operation  by  1990. 
These  fleets  are  summarized  in  Appendix  D of  the  CIAP  Report  of  Findings  and 
described  in  detail  in  Monograph  2 of  the  CIAP  series.  At  present,  however,  and 
for  purposes  pf  this  report,  the  advent  of  a mach  2.7  SST  by  1990  is  considered 
unrealistic.  Emphasis  in  this  report  is  thus  on  the  cases  where  only  current 
SSTs  and  subsonic  aircraft  are  considered  to  be  available.  In  general  also,  no 
assumptions  are  made  as  to  when  improved  technology  will  result  in  fleets  having 
reduced  emission  indices,  i.e.,  the  treatment  is  centered  around  projected  fleets 
having  the  same  emission  index  characteristics  as  do  aircraft  operating  today. 

2.2  CIAP  PROJECTIONS  AND  RELATED  DATA 

2.2.1  Projected  Air  Traffic  and  Fleets 

Air  traffic  projections  for  North  America  and  the  world,  as  prepared  by 
English  et  al.  (1975) » are  Bhown  in  Fig.  2.1;  these  data  were  also  summarized 
in  Appendix  D,  CIAP  ROF  (1974).  Tabulated  data  are  given  in  Tables  2.1  and  2.2. 

Note  (Table  2.1)  that  the  upper-bound  case  involves  an  8-fold  growth  in 
yearly  world  air  passenger  traffic  between  about  1970  and  1990  (Table  2.1a),  and 
about  a 24-fold  growth  in  air  freight  (Table  2.1b).  The  expected  case  involves 
a 4-fold  growth  in  passenger  traffic  and  a 14-fold  growth  in  freight  in  the  same 
time  frame.  The  growth  in  per-capita  travel  and  cargo  (Table  2.1c)  is,  of  course, 
less  than  the  total  growth,  because  of  population  growth. 

The  upper-bound  case  was  developed  using  the  year  2025  as  an  "anchor  point", 
assuming  rapid  growth  in  both  population  and  per-capita  affluence,  with  inter- 
polation to  intermediate  years.  Gompertz-type*  growth  curves  were  developed  for 


•Gompertz  curves  of  the  type  y ■ a exp(-br  ),  where  0<r<l,  have  a character- 
istic slow  initial  rise,  followed  by  a more  rapid  rise  and  subsequent 
maturation  or  leveling  off. 
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TABLE  2.1.  CIAP  UPPER-BOUND  AIR  TRAVEL  AND  AIR  CARGO  PROJECTIONS 
SOURCE:  CIAP  ROF , p.  D-69 


(a)  Revenue  air  passenger  demand, 

realistic  upper-bound  prediction  (billions  of  pkm) 

Region 

1970 

1980 

1990 

2000 

202S 

Africa 

9 

20 

51 

166 

2,103 

Latin  America 

16 

47 

163 

565 

4,238 

North  America 

260 

739 

1,570 

2,750 

7,133 

Asia 

39 

224 

906 

2,617 

13,551 

Europe 

122 

337 

821 

1,681 

5,728 

Oceania 

11 

31 

107 

308 

1,731 

U.S.S.R. 

78 

289 

842 

1,886 

6,798 

World 

535 

1,687 

4,460 

9,973 

41,282 

(b)  Revenue  air 

cargo 

demand,  realistic  upper-bound  prediction 

(billions  of  tonne -km) 

Region 

1970 

1980 

1990 

2000 

2025 

Africa 

0.2 

0.7 

2.3 

9.5 

320.3 

Latin  America 

0.5 

2.3 

13.7 

66.1 

996.9 

North  America 

6.0 

26.3 

120.9 

391.1 

• 2,797.8 

Asia 

1.0 

8.1 

44.8 

187.3 

2,572.6 

Europe 

3.0 

15.9 

88.6 

347.7 

3,367.2 

Oceania 

0.3 

1.2 

5.7 

20.0 

1B6.0 

U.S.S.R. 

1.5 

S.S 

23.2 

98.1 

993.3 

World 

12.5 

60.0 

299.2 

1,119.8 

11,234.1 

(c)  Annual  per  capita  travel  and  cargo,  realistic 

upper-bound  predictions. 

Passenger-kilometers 

Cargo  (tonne-km) 

Region 

1970 

1980  1990 

2000  2025 

1970 

1980 

1990 

2000  2025 

Africa 

27 

42  82 

198  1,201 

0.7 

1.4 

3.6 

11.4  182.9 

Latin  America 

57 

124  324 

846  3,106 

1.7 

6.1 

27.3 

99.0  730.6 

North  America 

1,142 

2,828  5,223 

7,964  1*, 590 

26.5  : 

100.8 

402.3  1, 

,132.5  5,723.0 

Asia 

19 

85  269 

607  1,695 

0.5 

3.1 

13.3 

43.4  321.8 

Europe 

263 

666  1,484 

2,780  7,572 

6.6 

31.5 

160.4 

575.0  4,451.6 

Oceania 

565 

1,193  3,068 

6,555  17,580 

13.9 

46.2 

163.3 

426,2  1,889.9 

U.S.8.R. 

322 

1,037  2,626 

5,122  13,043 

6.1 

19.7 

72.4 

266.5  1,905.8 

World 

147 

371  782 

1,389  3,182 

3.5 

13.2 

52.5 

155.9  865.9 

'-i.v  ><•■.  • - 
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TABLE  2.2.  CIAP  EXPECTED  AIR  TRAVEL  AND  AIR  CARGO  PROJECTIONS 
SOURCE:  CIAP  ROF , p.  D-70 


(a)  Revenue  air  passenger  demand  (billions  of  pkm) 

Region 

1970 

1960 

1990 

2000 

2025 

AfPios 

9 

16 

34 

87 

541 

Latin  America 

16 

34 

86 

202 

490 

North  America 

260 

598 

1,022 

1,294 

1,478 

Asia 

39 

131 

354 

641 

1,083 

Europe 

122 

215 

381 

507 

691 

Oceania 

11 

20 

55 

117 

291 

U.S.S.R. 

7N 

172 

380 

553 

829 

world 

SIS 

1,136 

2,312 

3,401 

5,403 

(b)  Revenue  air  cargo 

demand 

(billions  of  tonne-km) 

Region 

1970 

1980 

1990 

2000 

2025 

Africa 

0.2 

0.5 

1.5 

5.1 

85.1 

latin  America 

0.5 

1.7 

7.4 

24.2 

119.8 

North  America 

6.0 

21.5 

80.5 

190.4 

611.8 

Asia 

1.0 

5.8 

21.3 

56.2 

256.7 

Europe 

3.0 

12.3 

50.6 

130.7 

516.3 

Oceania 

0.3 

1.0 

3.6 

9.5 

39.2 

U.S.S.R. 

1.5 

4.0 

12.9 

35.8 

153.8 

World 

12.5 

46.8 

177.8 

45  V 9 

1782.7 

(c)  Annual  per  capita 

passenger  travel  and  cargo,  expected  projections 

Pa  ssanoar-kilomateri 

Cargo  (tonne-km) 

Region 

1970 

1980  1990  2000  2025 

1970 

1252 

1990 

2000 

2025 

Africa 

27 

37  62  133  534 

0.7 

2.8 

2.8 

7.8 

84.2 

Latin  America 

57 

96  195  402  714 

‘1.7 

/ 

4.8 

16.7 

48.2 

174.6 

North  America 

1,142 

2,403  3,751  4,425  4,229 

26.5 

86.3 

295.4 

249.9 

1,751.0 

Asia 

19 

54  122  191  224 

0.5 

2.4 

7.4 

16.7 

53.2 

Europe 

263 

448  762  970  1,180 

6.6 

25.7 

101.2 

249.9 

882.3 

Oceania 

565 

895  2,087  3,872  6,673 

13.9 

42.7 

137.5 

312.8 

900.1 

U.S.S.R. 

322 

62B  1,226  1,671  2,128 

6.1 

14.5 

41.6 

108.2 

394.7 

World 

147 

279  452  598  684 

3.5 

11.0 

35.6 

79.4 

225.8 

♦ 
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each  of  the  major  areas  Involved.  The  "expected"  ;ase  (Table  2.2)  was  developed 
In  similar  fashion  to  that  for  the  upper-ibound  case,  except  growth  rates  were 
taken  to  be  lower  (see  pp.  8-25  and  8-26,  CIAP  Monograph  2). 

The  fleets  of  aircraft  required  to  serve  the  projected  traffic  were  devel- 
oped by  a computer  model,  using  hypothesized  aircraft,  as  given  in  Table  2.3, 
and  economic  selection  rules  as  to  the  most  profitable  aircraft  for  each  route. 
The  model  had  no  "memory"  in  that  the  fleets  selected  for  a given  year  had  no 
necessary  relation  to  fleets  selected  for  traffic,  say  5 years  earlier;  as  a 
consequence,  severe  fluctuations  in  fleet  mix  were  found,  as  shown,  for  example, 
for  the  LR3J  in  Table  2.H,  which  gives  projected  numbers  of  aircraft  for  one  CIAP 
case.  This  fact  had  little  consequence  in  terms  of  fuel  flows  required,  however, 
since  different  subsonic  aircraft  differed  only  by  small  amounts  in  terms  of  fuel 
consumption  per  passenger-kilometer.  Of  more  importance  was  the  assumption  that 
the  aircraft  operated  at  50  percent  load  factor  for  passengers  and  60  percent  for 
freight,  requiring  thereby,  in  effect,  twice  as  large  a fleet  as  theoretically 
(but  not  practically)  possible.  Also,  the  fleets  predicted  were  designed  to 
serve  the  peak  summer  season,  without  allowance  for  load  factor  increase  in  the 
summer.  Seasonal  splits  were  developed  as  follows,  based  on  the  peak  summer 
values: 


Summer 

1.0 

Fall 

0.71 

Winter 

0.52 

Spring 

0.75 

Average 

0.75 

In  all  calculations  made  using  the  CIAP  estimates,  the  average  yearly  rates 
were  used.  The  number  of  aircraft  was  not  used  directly.  This  procedure  was 
pr^erred,  partly  due  to  the  integrating  effect  of  the  atmosphere,  and  partly 
because  load  factors  vary  during  the  year,  making  fuel  flow  rate  variations  during 
the  year  less  than  indicated  for  these  seasonal  traffic  values. 

Two  special  case  fleets  of  particular  interest  here  were  generated  in  CIAP 
as  shown  in  Tables  2.5  and  2.6.  In  one,  Table  2.5  it  was  assumed  that  no  new 
SST  would  be  built,  and  upper-bound  traffic  was  served  only  by  subsonic  aircraft 
and  by  mach  2 (Concorde/Tupolev)  SSTs.  In  the  second,  Table  2.6,  it  was  assumed 
that  no  SSTs  would  be  available,  with  upper-bound  traffic  served  only  by  sub- 
sonic aircraft. 

The  CIAP  model  Included  no  fuel  penalty  for  carrying  freight  unless 
carried  on  all-freight  aircraft.  The  effect  of  this  assumption  was  that,  when 
passengers  were  carried  by  SSTs,  which  carried  no  freight,  "free"  cargo  space  was 
lost,  more  air  freighters  were  required,  and  little  decrease  in  total  fuel  con- 
sumption by  subsonic  aircraft  resulted,  as  will  be  shown  in  Section  2.2.2. 

(Note,  for  example,  the  model  demand  for  720  cargo  aircraft  in  Table  2.5  versus 
560  cargo  aircraft  in  Table  2.6,  also  the  number  of  passenger-carrying  aircraft.) 
To  some  degree,  this  effect  is  an  artifact  of  the  model. 
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TABLE  2.3.  AIRCRAFT  POSTULATED  IN  CIAP 
SOURCE:  CIAP  ROF,  p.  D- 73 


AU 

cargo 

Secondary 

Cruise 

Gross 

Fuel 

Aircraft 

Range 

Passenger 

capacity 

cargo 

speed 

weight 

flow  , 

Kg  fuel. 

Eyes 

(km) 

capacity 

(kg) 

(kg)  . 

(km/hr) 

(kg) 

(kg/hr )a 

per  oknr 

SJJ* 

3,200 

140 

870 

3,600 

.060 

ESJJ* 

3,500 

170 

- 

* 

900 

99,000 

3,900 

.051 

SST* 

6,100 

105 

* 

- 

2,130 

174,000 

19,100 

.171 

ASST 

6,300 

170 

- 

- 

2,130 

226,000 

20,500 

.113 

L4J* 

9,000 

380 

75,000 

18,000 

900 

362,000 

10 , °00 

.064 

LJJ* 

5,500 

295 

50,000 

10,000 

880 

200,000 

6,600  (7,300) 

.051 

WiJ* 

9,200 

270 

50,000 

9,000 

890 

252,000 

7,700  (8,200) 

.064 

T4J* 

• 9,500 

145 

- 

- 

870 

- 

4,500 

.071 

L2J* 

3,500 

230 

- 

8,000 

670 

150,000 

5,400  (6,200) 

.054 

LRL4J* 

10,000 

285 

50,000 

11,000 

930 

299,000 

9,500(10,400) 

.072 

LRT4J* 

12,000 

200 

27,000 

5,000 

870 

163,000 

4,500 

.052 

LASST 

7,400 

295 

- 

- 

2,880 

326,000 

40,800 

.096 

LL4d 

12,000 

600 

100,000 

13,000 

930 

408,000 

11,800 

♦ 042 

HST 

12,000 

300 

- 

- 

S,410/6,960c  362,000 

100,900/39,200° 

.038 

ACX 

12,000 

1,000 

150,000 

23,000 

870 

544,000 

16,100 

.037 

‘Existing 

or  near-term  aircraft  expected  prior  to 

1900. 

Nomenclature:  SJJ 

Small  three- jet  transport 

L2J 

Largo  two-jet  transport 

ESJJ 

Extended  snail 

three-jet  transport 

LRI4J 

Long-range  large  four- jet  transport 

SST 

Small  supersonic  transport 

LRT4J 

Long-range  traditional  four-jet  transport 

ASST 

Advanced  supersonic  transport  (maoh  2) 

LASST 

Large  advanced 

supersonic  transport 

L4J 

Large  four- jet 

transport 

LL4J 

Very  large  four- jet  transport 

LJJ 

Large  three-jet 

transport 

HST 

Hypersonic  transport 

LR3J 

Long-range  three- jet  transport 

ACX 

Advanced  very 

large  transport 

T4J 

Traditional  four-jet  transport 

‘Figures  in  parentheses  apply  to  thrust  uprated  versions  in  year  2000;  rest  of  table  not  applicable  to  year  2000  caae. 
^Assumes  50- percent  paaaanger  load  factor;  ignores  cargo.  Computed  at  cruise  speed. 

°Climb  and  cruise  average,  respectively. 
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TABLE  2.4.  CIAP  EXPECTED  WORLD  AIRCRAFT  FLEETS 
SOURCE:  CIAP  ROF,  p.  D-7S 
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TABLE  2.5.  FLEET  MIX  DEVELOPED  IN  CIAP  TO  MEET  UPPER-BOUND  1990 
AIR  TRAFFIC  DEMAND:  ONLY  PRESENT  SSTs  AVAILABLE 
SOURCE:  CIAP  ROF,  p.  D-77 


System* 


Passenger 


Cargo 


Concorde/Tupolev 

ES3J 

L2J 

L3J 

LR3J 

L4J 

LL4J 

LRL4J 

ACX 


378 

- 

206 

- 

150 

- 

178 

98 

53 

145 

3,490 

237 

3 

36 

120 

1 

543 

203 

Total 


5,121 


720 


TABLE  2.6. 

FLEET  MIX  DEVELOPED  IN  CIAP  TO  MEET  UPPER-BOUND 
TRAFFIC  DEMAND;  NO  SSTs  AVAILABLE 
SOURCE:  CIAP  ROF,  p.  D-77 

AIR 

System 

1990 

2000 

Passenger 

Cargo 

Passenger 

Cargo 

ES3J 

146 

0 

387 

0 

L2J 

48 

0 

1 ,562 

0 

L3J 

52 

4 

2,046 

11 

LR3J 

133 

33 

4,890 

4 

L4J 

3,412 

255 

1,111 

2,219 

LL4J 

55 

14 

150 

189 

LRL4J 

51 

0 

0 

0 

ACX 

679 

244 

1 .860 

938 

Tote  1 

4,576 

560 

12,006 

3,361 

The  CIAP  model  also  Included  no  military  traffic  nor  charter  traffic  to 
vacation  spots.  More  importantly,  it  included  only  traffic  traveling  more  than 

700  km  nonstop.  The  nodel-derived  numbers  for  fuel  flow,  at  least  in  total, 

and  for  current  periods  as,  for  example,  1970,  were  clearly  low,  by  a factor  of 

1.5  to  2.0  (see  ROP,  p.  D-65,  and  PAA  figures,  later  herein). 

Hypersonic^  aircraft , which  would  operate  in  the  27-km  to  33-km  range,  are 
not  expected  until  about  the  year  2015,  according  to  CIAP,  l.e.,  beyond  the  time 
frame  of  prime' Interest.  Hence,  they  were  not  considered  by  CIAP,  and  are 


*See  Table  2.3  for  nomenclature. 
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obviously  excluded  here.  The  altitude  distribution  of  emissions  was  based  on 
aircraft  type  and  route  length,  as  given  in  Ta4le  2.7.  These  altitude  distribu- 
tions are  somewhat  arbitrary,  particularly  for  subsonic  aircraft.  Thus,  as  seen 
in  Table  2.8,  Downie  (197*0  showed  that,  at  least  for  U.S.  transcontinental 
traffic  in  1972,  only  a very  small  amount  of  traffic  reached  12.5  km  (41,000  ft).* 


TABLF.  2.7.  FLIGHT  PROFILES  FOR  EMISSION  CALCULATIONS; 
CIAP  MODEL 

SOURCE:  CIAP  ROF , p.  D-81 


TABLE  2.8.  FUEL  CONSUMED  AT  SPECIFIED  FLIGHT  ALTITUDES 
IN  MORE  THAN  600  U.S.  BOEING  707  TRANS- 
CONTINENTAL FLIGHTS  IN  JANUARY  AND 
FEBRUARY  1972 

SOURCE:  CIAP  ROF,  p.  D-61 


Fuel  burned 
1,000  lb  (x  104  kc 


Percent 


41 

(12.5) 

154 

(7.0) 

0.55 

39 

(11.9) 

6,858 

(311.1) 

24.35 

37 

(11.3) 

10,140 

(459.9) 

36.00 

35 

(10.7 

3,057 

(138.7) 

10.85 

33 

(10.1) 

152 

(6.9) 

0.54 

31 

(9.4) 

881 

(40.0) 

3.13 

28 

(8.5) 

1 ,655 

(75.1) 

5.88 

26 

(7.9) 

5,268 

(239.0) 

18.70 

28,165 

(1,277.7) 

100.0 

The  CIAP  distance  criterion  resulted,  even  for  the  year  1970,  in  about  25  ; 

percent  of  the  total  subsonic  fuel  being  in  the  12-tan  to  15-km  altitude  range.  ,j 

This  result  was  nearly  invariant  with  time.  In  passing,  it  should  be  noted  that 
in  the  computations  reported  in  the  CIAP  ROF,  long-range  subsonic  aircraft,  such  § 

as  the  747SP,  were  assumed  to  cruise  at  13.5  km  (44,280  ft),  the  midpoint  of  the  ' j 


• fibs  iVsklb  O O 1 1 


TABLE  2.9.  ANNUAL  FUEL  CONSUMPTION  CALCULATED  IN  CIAP  FOR  THE  1990 
EXPECTED  FLEET  (109  kg/yr) 

SOURCE:  CIAP  ROF , p.  D-88 


Year  and  altitude  band 
(km) 


Subsonic# 


Supersonic 


9-12 

12-15 


h 

15-18 

0 

0 

¥ 

18-21 

0 

0 

/, 

Total 

14.2 

0 

1980 

9-12 

26.7 

0 

f,:: 

12-15 

9.0 

0.16 

J ' 

15-18 

0 

1.18 

i. 

'(■ 

18-21 

0 

0 

1 

Total 

35 . ' 

1.  34 

.■  . 

1990 

9-12 

43.  1 

0 

12-15 

15.3 

'o 

r 

15-18 

U 

(.  .7 

•« ! 

10-21 

0 

14.6 

* 

Total 

59.0 

15.3 

b . 

2000 

9-12 

75.0 

0 

12-15 

29.:-: 

0 

l 

15-18 

0 

1.8 

(: 

10-21 

0 

37.4 

i;  . 

Total 

104.8 

39.2 

*The  distribution  by  altitude  Is  now  considered 
unrealistic.  See  Section  2.3. 


*-  - 


12-km  to  15-kra  band,  which,  as  will  be  seen  later,  is  now  believed  to  be  too  high 
as  a mean  value.  More  data  on  these  points  will  be  provided,  but  the  figures 
shown  in  Table  2.7  were  the  basis  for  the  CIAP  computations. 

2.2.2  Fuel  Flow  Projections 

As  noted  earlier,  the  upper-bound  case  and  the  expected  case  both  included 
an  a^Janced  mach  2.7  SST,  introduced  in  the  mid-1980s.  Nevertheless,  there  \v,e 
aspects  of  these  projections  that  are  of  interest.  Thus,  in  Table  2.9,  the  fuel 
flow  is  given  for  the  expected  subsonic  fleet  by  the  CIAP  model.  If  we  note,  as 
shown  in  Table  2.10,  that  the  presence  of  an  advanced  SST  has  little  effect  on 
fuel  consumption  by  subsonics  (in  the  CIAP  model),  the  data  in  Table  2.9  can  be 
compared  to  other  fuel  flow  projections,  without  undue  concern  that  the  CIAP 
"expected  fleet"  includes  a now-not-expected  advanced  SST. 


TABLE  2.10.  SUBSONIC  FUEL  CONSUMPTION  BY  SUBSONICS  WITH 
SEVERAL  ASSUMPTIONS  AS  TO  SSTs;  CIAP  UPPER- 
BOUND  1990  TRAFFIC  MODEL  (TO9  KG/YR) 

SOURCE:  CIAP  ROF,  pp.  D-85,  0-87 


Scenario 

Advanced  SST 
Present  SST 
No  SST 


Subsonic  Fuel  Flow 

110.1 

117.8 

118.0 


Table  2.11  gives  summarized  data  for  the  present  SST-only  case,  assuming 
upper-bound  traffic;  in  this  case,  the  SST  fleet  consists  of  378  Concorde/ 
Tupolev  aircraft.  This  case  is  of  interest  in  that  latitudinal  distribution  of 
emissions  is  provided  for  both  large  subsonic  and  supersonic  (mach  2)  fleets, 
which  is  considered  to  be  of  parametric  value  and  has  been  used  for  2-D  modeling 
(Appendix  A).  The  detailed  fuel  flow  data  are  given  in  Table  2.12.  As  noted 
above,  however,  the  altitude  distribution  for  subsonic  traffic  is  considered  to 
be  invalid,  based  as  it  is  only  on  route  length  criteria. 

TABLE  2.11.  FUEL  CONSUMPTION  BY  ALTITUDE  BAND;  PRESENT 
SSTs  ONLY;  CIAP  UPPER-BOUND  1990  TRAFFIC 
(10$  KG/YR) 

SOURCE:  CIAP  ROF,  p.  D-87 


Altitude 

band 

9-12  km 
12-15  km 
15-18  km 
18-21  km 


Subsonic 


Supersonic 


Total 


117.8 


• • 1 


TABLE  2.12.  DISTRIBUTION  OF  FUEL  USAGE  BY  ALTITUDE  AND  LATITUDE  BANDS; 
PRESENT  SSTs  ONLY;  CIAP  UPPER-BOUND  TRAFFIC 
SOURCE:  CIAP  MONOGRAPH  2,  pp.  9-62  to  9-64 


Latitude 


Band  Fuel  it  Fuel  it  Fuel  it  Fuel  it 


80-85° 

N 

0.069 

0.080 

0.116 

O.36I 

75-80° 

N 

0.104 

0.121 

0.194 

0.603 

70-75° 

N 

0.106 

0.123 

0.226 

0.703 

65-70° 

N 

0.157 

0.182 

0.227 

0.706 

0.0015 

0.116 

0.0105 

0.093 

60-65° 

N 

1.610 

1.871 

1.927 

5.992 

0.0452 

3.481 

0.482 

4.271 

55-60° 

N 

6.242 

7.256 

2.685 

8.349 

0.0389 

2.996 

1.100 

9.747 

50-55° 

N 

11.279 

13.110 

6.378 

19.832 

0.237 

18.253 

3.477 

30.810 

45-50° 

N 

9.773 

11.360 

5.585 

17.366 

0.144 

11.090 

1.596 

14.142 

40-45° 

N 

12.346 

14.351 

3.121 

9.705 

0.285 

21.949 

0.808 

7.160 

-5-40° 

N 

12.291 

14.287 

2.447 

7.608 

0.163 

12.554 

0.331 

2.933 

30-35° 

N 

9.581 

11.137 

2.015 

6.266 

0.0665 

5.122 

0.558 

4.944 

25-30° 

N 

7.035 

8.177 

1.333 

4.145 

0.0091 

0.701 

0.610 

5.405 

20-25° 

N 

4.517 

5.250 

1.459 

4.537 

0.958 

7.378 

0.720 

6.380 

15-20° 

N 

4.052 

4.710 

1.150 

3.576 

O.O616 

4.744 

0.652 

5.777 

! 10-15° 

N 

2.146 

2.494 

0.857 

2.665 

0.0632 

4.867 

0.304 

2.694 

5-10° 

N 

0.920 

1..069 

0.665 

2.068 

0.0175 

1.348 

0.202 

1.790 

; o-  5° 

N 

1.298 

1..509 

0.810 

2.518 

0.0092 

0.709 

0.293 

2.596 

! 0-  5° 

S 

0.490 

0.570 

0.301 

0.936 

0.100 

0.770 

0.0851 

0.754 

i 5-10° 

S 

0.386 

0.449 

0.276 

0.858 

0.0345 

2.657 

0.0348 

0.308 

10-15° 

s 

0.370 

0.430 

0.207 

0.644 

0.0155 

1.194 

0.0157 

0.139 

,i  15-20° 

s 

0.301 

0.350 

0.0988 

0.307 

0.00004 

0.003 

0.00004 

0.0004 

! 20-25° 

s 

0.287 

0.334 

0.0523 

0.163 

0.00008 

0.006 

0.0044 

0.0399 

*1  25-30° 

s 

0.386 

0.449 

0.0258 

0.080 

0.00024 

0.018 

0.00075 

0.0066 

30-35° 

s 

0.233 

0.271 

0.0039 

0.012 

1 35-40° 

s 

0.0361 

0.042 

0.00029 

0.022 

0.00029 

0.0026 

i 40-45° 

s 

0.0085 

0.010 

0.00057 

0.0051 

i | 45-50° 

s 

0.0071 

0.008 

0.00029 

0.022 

0.00029 

0.0026 

i Total 

86.031 

100.000 

32.160 

100.000 

1.29844 

100.000 

11.2854 

100.000 

•The  number  of  places  carried  here  Is  for  internal  consistency  only  and  is  not 
intended  to  imply  significance. 


Examination  of  the  data  in  Table  2.12  will  show  that  almost  all  the  aircraft 
fuel  is  consumed  in  the  Northern  Hemisphere,  with  a major  fraction  used  in  the 
35°  to  55°  N band. 

Longitudinal  distribution  of  fuel  flows  is  provided  for  selected  cases  in 
CIAP  Monograph  2.  These  data  are  not  used  here,  however,  nor  have  they  been  used 
in  any  modeling  work  to  date. 

2.2.3  Emission  Indices  and  Projections 
A.  Present  Values 

The  emission  indices  used  in  the  CIAP  model  in  computing  global  emis- 
sions rates  are  given  in  Table  2.13*  The  N0X  values  used  for  subsonic  aircraft 
are  based  on  data  on  older,  low-compression-ratio  engines  (JT3D  and  JT8D).  For 
more  modern  engines,  higher  values,  as  given  in  Table  2.14,  are  recommended. 
(Broderick,  CIAP  Monograph  2,  p.  4-50).  The  CP-6,  JT9D,  and  RB-211  engines  arc 

i . 

used  on  wide  body  subsonic  aircraft;  the  Olympus  593  and  NK-144  engines  are  used 
on  the  Concorde  and  Tupolev  SSTs.  1 


TABLE  2.13.  ENGINE  EMISSION  INDICES  ASSIGNED  IN  CIAP 
TO  THE  CURRENT  FLEET 
SOURCE:  CIAP  ROF , p.  D-81 


Emission  species 

A1 ti tude 
( km) 

Subsonic 

Supersonic 

Oxides  of  nitrogen  (as  NO,) 

9-12 

10  g/kg 

fuel 

10  g/kg  fuel 

C 

12-15 

7 

18 

15-21 

- 

18 

Carbon  monoxide  (CO) 

3 

3 

Total  hydrocarbons  (THC) 

0.5 

0.5 

Soot 

0.02 

0.02 

h2o 

1.25  x 

103 

1.25  x 103 

co2 

3.22  x 

!03 

3.22  x 103 

so2 

1 

1 

Total  trace  elements 

0.01 

0.01 

Lubricating  oil 

0.1 

0.1 

TABLE  2.14.  CURRENT  TECHNOLOGY  AIRCRAFT  NO*  EMISSION  INDICES 
AT  CRUISE  AS  NO?  (RECOMMENDED  VALUES) 

SOURCE:  CIAP  MONOGRAPH  2,  p.  4-50 


CF6 , JT9D , 
RB211 


Olympus  593, 
NK-144 


JT3D , 
JT8D 


Oxides  of  nitrogen  16 

g(N02 )/kg  fuel 

Carbon  monoxide  4 

g ( CO ) / kg  fuel 

Total  hydrocarbons 


18  6 

3.5  4 

0.2 


0.1 


0.1 


Carbon  monoxide  and  total  hydrocarbons  are  (or  have  been)  of  little 
concern;  in  effect,  such  materials  create  ozone,  although  in  negligible  amounts. 

The  N0X  emission  figures  given  in  Table  2.14  are  for  "typical"  cruise 
conditions.  The  values  shown  are  satisfactory  for  first-cut  analysis,  but  for 
more  detailed  study  the  variations  along  the  flight  path,  in  both  fuel  flow  rates 
and  N0x  emission  indices  (which  decrease  about  with  the  square  root  of  pressure 
and  other  factors)  need  to  be  examined. 

Emission  index  estimates  for  the  Kuznetsov  NK-144  engine,  in  use  on  the 
Tupolev,  were  obtained  during  CIA?  and  are  included  as  Table  2.15. 

TABLE  2.15.  TENTATIVE  EMISSION  INDICES. 

KUZNETSOV  NK-144  ENGINES 
SOURCE:  CIAP  MONOGRAPH  2,  p.  4-43 


C02 

3,150  g/ 

h2o 

1 ,280  : 

N°x 

(as  N02) 

18.4 

CO 

3.4 

THC 

(total  hydrocarbon) 

0,17 

so2 

1 .0 

A strong  cautionary  note  must  be  added  here  relative  to  N0X  emission 
Indices,  in  that  values  reported  above  (Tables  2.13  to  2.15)  are  based  on  probe 
sampling.  A still  unresolved  discrepancy  exists  between  probe  sampling  and  a 
spectroscopic  method  tested  at  the  Arnold  Engineering  Development  Center  ( AEDC ) 
(Davidson  and  Domal,  1973),  which  gives,  particularly  (almost  five-fold)  under 
afterburning  conditions,  much  higher  NOy  values  than  obtained  by  probe  sampling. 
Data  illustrating  the  effects  are  given  in  Table  2.16.* 


TABLE  2.16.  YJ93-GE-3  ENGINE  EMISSION  MEASUREMENT  BY 

PROBE  AND  SPECTROMETER  TECHNIQUES 
SOURCE:  Davidson  and  Domal,  1973 


Simulated  NO  concentration  (ppm) 


light 
ndltlon, 
ch  no. 

Al tltude, 
kft 

Engine 

power 

setting 

Probe 
sampl 1 ng 

UV 

spectrometer 

1.4 

35 

Mil  1 tary 

56 

\7  5 

2.0 

55 

Military 

70 

165 

2.0 

55 

Min.  afterburner 

80 

175 

2.0 

55 

Max.  afterburner 

no 

278 

2.6 

66 

Military 

100 

323 

Max.  afterburner 

130 

617 

The  data  of  Pew  et  al.  1977  (1971*  and  1975  data),  imply  discrepancies 
similar  to  those  shown  for  the  max.  afterburner  case  over  a wide  range 
of  conditions.  Other  data,  however,  (Lyon  et  al.  1975;  Gryvnak  and 
Burch,  1976)  imply  negligible  or  small  errors  (~  30  percent  low)  with 
probe  sampling. 
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The  questions  associated  with  the  validity  of  these  two  techniques  are 
serious  ones  and  in  obvious  need  of  resolution.  A particular  question  relates 
to  whether  the  NO,  which  may  be  present  in  the  high-temperature  stream,  is  indeed 
present  after  dilution  with  ambient  air,  or  whether  the  NO  is  destroyed  by  the 
same  processes  (which  may  not  be  heterogeneous),  resulting  in  lower  values  in  the 
samples  drawn  through  a probe. 

For  purposes  here,  values  developed  from  probe  sampling  are  used,  as  has 
been  the  case  in  CIAF  and  related  programs.  The  clear  possibility  must  be  recog- 
nized, however,  that  these  values  may  be  several-fold  low. 

B.  Potential  Emission  Index  Reductions  (other  than  SOo) 

Possible  emission  index  values  with  improved  combustor  technology  were 
estimated  by  a NASA  ad  hoo  committee  in  1973.  The  values  are  shown  in  Table 
2 . 17 J a CIAP  interpretation  is  given  in  Table  2.18.  In  general,  very  low  N0X 
emission  indices  (3  or  less)  are  based  on  the  assumed  Implementation  of  lean 
premix  combustion  techniques,  which  have  been  demonstrated  in  the  laboratory 
but  have  associated  with  them  some  rather  significant  questions  (flashback, 
relight,  safety,  etc.).  Ultra-low  N0x  values  (0.3)  have  also  been  demonstrated, 
using  very  lean  flames  or  catalytic  combustion  techniques. 

TABLE  2.17.  NASA  AO  HOC  COMMITTEE  1973  CONSENSUS  ESTIMATES 
OF  CRUISE  EMISSION  INDICES  WITH  CURRENT  AND 
PROJECTED  TECHNOLOGY,  JP  FUEL 
SOURCE:  CIAP  MONOGRAPH  2,  p.  5-84 


Mission  propulsion  system 

NOx 

CO 

THC 

Soot 

g ( N02 ) / kg  fuel 

g(C0)/kg  fuel 

g(CH2)/kg  fuel 

g(C)/kg  • 

Current  technology 
CF6,  JT9D,  RB211 

16 

4 

0.1 

0.1 

Olympus  593,  NK-144 

18 

3.5 

0.2 

0.1 

JT3D,  0T8D 

6-8 

4 

0.1 

0.1 

CTOL  turbofan  (subsonic) 

1.  Anticipated  emission 
reduction  technology 

8 

3 

0.5 

0.02 

2.  Advanced  emission 
reduction  technology 

3 

3 

0.1 

0.02 

Nonaugmented  SST/(dry) 
turbojet 

1.  Anticipated  emission 
reduction  technology 

14 

3 

0.5 

0.02 

2.  Advanced  emission 
reduction  technology 

3 

3 

0.1 

0.02 

ASST/duct-burnlng  turbofan 

1.  Anticipated  emission 
reduction  technology 

12 

30 

10 

0.02 

2.  Advanced  emission 
reduction  technology 

3 

15 

3 

0.02 

TABLE  2.18.  PROJECTED  NO  EMISSION  INDICES  AS  NO, 
SOURCE:  CIAP  ROF,  p.  103 


Engine  Type  (Aircraft  System) 


N0X  Emission  Index: 
g ( NOg ) / kg  Fuel 


Current  Technology  (operational 
through  198S) 

- subsonic  ( JT9-D/B747)  16 

- supersonic  (Concorde)  18 

Anticipated  Reduction  Technology 
(Implemented  1980-1985  time  frame) 

- subsonic  8 

- supersonic  12  - 14 

Advanced  Reduction  Technology 
(possible  by  1985-1990) 

- subsonic  3 

- supersonic  3 

Projected  Minimum 

- subsonic  0.3 

- supersonic  0.3 


The  time  schedule  for  NOx  emission  index  reductions  suggested  in  Table 
2.18  may  well  be  optimistic.  This  observation  (which  is  not  based  on  detailed 
study)  follows  from  the  information  presented  by  D.W.  Bahr,  at  the  4th  Conference 
on  CIAP  (February  4-7,  1975),  and  on  testimony  before  the  EPA*  (January  27-28, 
1976)  by  various  engine  companies.  A two-fold  reduction  (at  low  altitudes  still 
seems  several  yearB  away  from  being  implementable , although  already  pursued  for 
5 or  more  years.  As  noted  above,  concepts  giving  6-fold  or  greater  reductions 
will  require  new  approaches  and  some  years  of  testing.  If,  as  may  be  possible, 
these  new  concepts  can  be  applied  only  to  new  engines,  reductions  in  fleet 
average  values  would  take  place  very  slowly,  unless  expensive  engine  replacement 
programs  were  to  be  implemented. 


•Public  Hearing  on  Control  of  Air  Pollution  from  Aircraft  and  Aircraft 
Engines,  Jan  27-28,  1976,  EPA,  Washington,  D.C. 
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2.3  FAA  PROJECTIONS 
2.3.1  Procedures 


The  outlook  for  air  travel,  and  particularly  SST  travel,  changed  substan- 
tially during  the  course  of  the  CIAP  program,  due  both  to  economic  factors,  such 
as  the  abrupt  fuel  price  rise  in  1973,  and  to  environmental  factors,  such  as 
were  developed  during  the  CIAP  program  itself.  Also,  the  scope  and  nature  of  the 
problems  had  shifted  from  focus  on  advanced  SST3  to  focus  on  current  SST  and 
current  and  advanced  subsonics.  For  these  reasons,  new  projections  were  required, 
and  were  undertaken  by  the  FAA  in  1975,  with  contracts  being  issued  to  Stanford 
Reseurch  Institute  (SRI)  and  to  Arthur  D.  Little,  Inc.  (ADL).  The  SRI  work 
provided  projections  of  aircraft-operating  (flight)  hours  in  various  altitude  and 
latitude  bands  for  22  categories  of  aircraft,  as  given  in  Table  2.19  (reported  by 
ADL).  The  ADL  work  used  these  data,  along  with  fuel  flow,  as  given  in  Table  2.20, 
and  emission  index  data  as  given  in  Table  2.21  to  generate  rates  of  pollutant 
introduction.  The  base  year  was  1975,  with  high  and  low  forecasts  made  for  1980, 
1985,  and  1990.  Use  of  flight  hours  as  a variable  produces  the  desired  pollutant 
flow  data  but  does  not  Indicate  the  number  of  aircraft  involved. 

The  procedures  used  by  SRI  in  developing  forecasts  are  described  in  their 
contraot  report,  only  a draft  of  which  has  been  available  to  us.  The  model  used 
was  an  existing  one  adapted  to  the  FAA  forecasting  problem.  The  model  has  been 
tested  by  "baokcasting"  historical  data,  with  good  results  claimed.  The  model 
is  an  "aggregate  model  rather  than  a microanalytical  one."  The  model  does  not 
attempt,  as  did  CIAP,  to  select  the  most  economic  aircraft  for  each  route,  a 
procedure  which  may  have  caused  the  CIAP  model  results  to  exhibit  large  fluctua- 
tions in  specific  aircraft  types  with  time.  Routes  of  400  miles  or  less  were 
excluded,  a procedure  similar  to  that  followed  in  CIAP,  in  which  routes  of  700  km 
or  less  were  excluded. 

The  forecast  use  of  SSTs  was  noted  by  SRI  to  be  a particularly  difficult 
problem  in  view  of  the  uncertainties  surrounding  this  type  of  travel;  any  pro- 
jections are  necessarily  somewhat  subjective.  SRI  noted  that,  according  to  fare 
and  time  elasticity  estimates,  the  SST  should  capture  most  of  the  first-class 
traffic  on  applicable  routes,  which  represents  roughly  a 6 percent  passenger 
diversion,  a smaller  diversion  than  used  in  CIAP.  However,  because  of  FAA 
interest  in  SST  effects,  more  generous  assumptions  were  used  which  increased  the 
size  of  the  SST  fleet;  these  assumed  that,  up  to  1985,  SST  flights  would  divert 
roughly  30  percent  of  the  flights  in  eligible  markets,  and  in  1985-1990,  45 
percent.  SSTs  were  assumed  to  operate  at  90  percent  load  factors  versus  55  per- 
cent for  subsonics.  SRI  states  their  belief  that  these  forecasts  of  SST  activity 
are  extremely  optimistic;  the  assumptions  led  to  SST  growth  rates  of  17  to  21 
percent  over  the  1980-1990  period  versus  4 to  7 percent  for  total  traffic.  SSTs 
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TABLE  2.19.  AIRCRAFT  TYPES  AND  ENGINE  CHARACTERISTICS 
ASSUMED  IN  FAA  PREDICTIONS 

SOURCE:  Arthur  D.  Little.  Inc..  1976,  Tables  1 and  2 


Aircraft 

Type  Airframe 


(1) 

L10 

Lion 

(2) 

707 

707/320 

(3) 

727 

727 

(4) 

737 

737 

(5) 

747 

747 

(6) 

DIO 

DC10 

(7) 

A3 

DC10 

(8) 

TR1 

727 

(9) 

F28 

737 

(10) 

T3I* 

737 

(ID 

T54 

707 

(12) 

Y62 

707 

(13) 

Y66 

DC10 

(ll*) 

Y**0 

Sabrellner 

(15) 

7X7 

DC10 

(16) 

7*<S 

71*7 

(17) 

DCX 

DC10 

(18) 

MISC 

737 

(19) 

LR 

LearJ  et 

(20) 

C5 

Sabrellner 

(21) 

QULF 

Sabrellner 

(22) 

SST 

Concorde 

Engine 

Average 
Qroaa 
Weight , 
lb 

JT9D  1 

340,000 

JT3D 

261,000 

JT8D 

154,000 

JT8D 

100,000 

JT9D 

626,000 

CF6 

360,000 

■CF6 

281,000 

SPEY  511 

117,000 

SPEY  511 

83,000 

JT8D 

104,000 

JT3D 

134,000 

JT3D 

302,000 

CF6 

360,000 

Typical  T-l 
engine 

21,000 

CF6 

300,000 

JT9D 

444,000 

CF6 

300,000 

Typical  P-2 
engine 

95,000 

Typical  T-l 
engine 

12,000 

Typical  T-l 
engine 

21,000 

Typical  T-l 
engine 

21,000 

Olympus 

338,000 

Aircraft  Included 
and  Remarks 

L1011 

707,  DC-8,  720, 

VC10,  880,  990 

727 

737,  DC-9 

7**7  except  747SP 

DC10 

A300B;  acale  from 
DC-10 

Trident  series;  acale 
fuel  flow  from  727 

F28,  BAC111,  Caravel le; 
acale  fuel  flow  from  737 

TU134,  TU10** ; acale 
from  737 

TU154 , IL18;  soale 
from  707 

IL62 ; acale  from  707 

IL86 

YAK**0 

7X7;  scale  from  DC10 
7*<7SP;  scale  from  747 
DCX200 ; same  as  7X7 

* ; soale  fuel  flow 
from  737 

Lear Jet 

Falcon,  HS125,  Cita- 
tion 

Qulfatream,  Saber- 
liner,  Jetatar 

All  SST 


•All  aircraft  in  scheduled  service  not  otherwise  included. 
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TABLE  2.21.  EMISSION  INDICES*  OF  NITROGEN  OXIDES  (NO  ) USED  IN  FAA  PROJECTIONS 
SOURCE:  Arthur  D.  Little,  Inc.,  1976,  TSble  4 


Some  of  these  data  are  not  In  agreement  with  CIAP  estimates.  In  particular,  the  emission  in- 
dices for  aircraft  using  the  CFo  engine  (types  6,  7,  13,  7-5,  and  17)  all  appear  to  be  low  by 
a factor  of  4 or  5.  (See  CIAP  Monograph  2,  p.  5-8^.) 


were  considered  Ineligible  for  stage  lengths  less  than  2,000  miles.  For  the 
747SP  class,  It  was  assumed  that  these  aircraft  would  be  purchased  for  stage 
lengths  exceeding  4,500  miles.  As  will  be  seen  later,  the  total  forecast  use  of 
aircraft  of  the  747SP  class  by  1990  is  modest  (approximately  800  flight  hours 
per  day). 

Trajectories  used  by  SRI,  based  on  FAA  recommendations  for  the  SSTs,  are 
given  in  Fig.  2.2.  For  the  747SP,  the  FAA-recommended  altitudes  are  given  In 
Table  2.22. 


FIGURE  2.2.  FLIGHT  PATHS  FOR  CONCORDE  AND  TUPOLEV-144  SSTs 
SOURCE:  ICA0/0AC I/NKA0 , 1974 

SRI  assumed  that,  since  most  aircraft  schedules  are  symmetric,  as  much  time 
was  spent  going  eastbound  as  weBtbound  and  adjusted  flight  hours  at  altitude 
accordingly.  (Jet  stream  effects  were  apparently  not  included.)  Ascent  and 
descent  times  were  treated  separately,  based  on  fixed  time  periods  and  rates  for 
ascent  and  descent  for  each  aircraft. 
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TABLE  2.22. 


TIME  TRACTION-CRUISE  ALTITUDES  FUR  747SP 
SOURCE:  FAA,  1976 


Stage  Lengths 


0-2,000  miles 
> 2,000  miles 


Eastbound 

1 00*  at  41,000  ft 
5051  at  37,000  ft 
SOX  at  41,000  ft 


Westbound 

1 0051  at  43,000  ft 
50X  at  39,000  ft 
50X  at  43,000  ft 


Data  for  other  aircraft  types  were  provided  to  SRI  by  FAA.  By  far  the  moat 
heavily  traveled  band  is  the  10-km  to  11-km  band  (32,800  to  36,100  ft).  ThiB  is 
shown  in  the  following  data,  included  in  the  SRI  report. 


TABLE  2.23. 

Altitude  Stratum 

6-  8 

8-  9 

9- 10 
* 10-11 

11-12 

12- 13 

13- 14+ 


FLIGHT  HOUR  ACTIVITY  BY  ALTITUDE  STRATA* 
SOURCE:  Stanford  Research  Institute,  1976 


Flight  Hours 

203 
485 
898 
1 ,314 
433 
99 
13 


♦These  data  are  for  June  1975  for  the  area  over  the  Mid- 
western and  Eastern  United  States.  General  aviation  activity 
Is  excluded. 

Note  that  this  distribution  is  by  flight  hours,  not  by  fuel  consumption. 
Moreover,  these  data  do  not  appear  to  agree  with  that  shown  in  Table  2.8,  where 
60  percent  of  the  fuel  consumption  (at  7.9  km  and  above)  is  in  the  11-km  to 
12-km  band,  versus  13  percent  (in  flight  hours)  in  this  band  in  Table  2.23* 


2.3.2  Results 


Results  obtained  from  the  preceding  studies  follow.  In  the  first  set  of 
these,  the  ADL  results  are  given  directly,  i.e.,  as  reported.  In  the  second  set, 
certain  corrections  to  these  results  are  made  which  appear  to  be  called  for  on 
the  basis  of  information  reported  or  developed  earlier  in  this  report  or  else- 
where, as  will  be  noted. 

A.  Fuels  and  Emissions  Data  as  Reported 

The  as-reported  data  are  summarized  in  Table  2.2b, 
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TABLE  2.24.  TOTAL  AVERAGE  FLIGHT  HOURS/DAY,  FUEL  CONSUMPTION  AND 
EMISSIONS/YEAR,  ABOVE  6 km,  1975-1990,*  NO  TECHNOLOGY 
IMPROVEMENTS  ON  EMISSIONS.  AS  REPORTED. 

SOURCE:  Arthur  D.  Little,  Inc.,  1976 


I960  1985  1990 


Item 

1211 

Low 

Hi£h 

Low 

High 

Low 

High 

Flight  hr/day** 

Total 

24,625 

30,266 

34,010 

36,295 

47,484 

44,402 

68,849 

SST 

0 

87.5 

100.2 

264.2 

352.3 

504.2 

813.2 

Fuel,  10^  kg/yr 

Total 

45,540 

62,250 

70,150 

83,520 

110,590 

109,780 

173,660 

SST 

0 

863 

988 

2,540- 

3,390 

4,880 

7,860 

Emissions,  10^ 
Total  NO„ 

Kg/gr 

425 

609 

686 

707 

937 

967 

1,530 

(as  NO-7*** 

SST  NO.. 

0 

13.1 

15.0 

39.2 

52.3 

75.1 

121.2 

(as  NOp ) 

Total  H20 

56,930 

77,810 

87,690 

104,400 

138,240 

137,230 

217,080 

SST  H20 

0 

1,080 

1,235 

3,175 

4,240 

6,100 

9,825 

Total  SO„ 

45.5 

62.3 

70.2 

83.5 

110.6 

109.8 

173.7 

(as  S027 

SST  SOv 

0 

0.863 

0.988 

2.54 

3.39 

4.88 

7.86 

(as  s62) 


•Note  that,  for  Internal  consistency,  more  places  are  carried  than 
are  considered  significant. 

••Average  of  June  and  November  forecasts;  taken  as  yearly  average. 
•••Subsonic  NO,  emissions  need  to  be  reviewed.  See  footnote.  Table 
2.21.  x 
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These  results  are  compared  to  the  CIAP  results  in  Table  2.25.  Perhaps 
the  most  striking  difference  is  in  the  fuel  consumption  estimates  for  subsonic 
aircraft,  the  FAA  figures  being  about  twice  those  of  CIAP.  Part  of  the  difference 
is  in  the  altitude  bands  employed;  i.e.,  above  6 km  with  PAA  and  above  9 km  by 
CIAP.  However,  in  the  FAA  estimates,  the  fuel  used  above  9 km  represents  about 
85  percent  of  the  total  subsonic  fuel  (based  on  1990  figures),  so  this  fact 
accounts  for  only  a portion  of  the  discrepancy.  It  was  recognized  during  CIAP 
(and  stated  earlier,  Section  2.2.1)  that  the  CIAP  model  estimates  for  1970  were 
low  (see  p.  D-65,  ROF) , where  1970  fuel  above  9 km  was  estimated  at  about  twice 
the  CIAP  model  figure.  CIAP  projections  were,  of  course,  primarily  concerned  with 
SST  traffic;  here  it  is  of  interest  to  note  that  the  CIAP  upper-bound  case  with 
only  Concorde/Tupolev  SSTs  available  utilizes  considerably  more  SST  fuel  (12.6  x 
10^  kg/yr)  than  does  the  FAA  "high"  estimate  case  (7.89  x 10^  kg/yr).  The  CIAP 
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"expected"  case  is  not  directly  comparable,  in  that  no  estimate  was  made  for  .S 

this  traffic  with  Concorde/Tupolev  only  available.  However,  if  the  CIAP  1990  1 

"expected"  fleet  is  taken  as  half  the  upper-bound  fleet  (based  on  fuel  flows), 
it  would  appear  that  the  CIAP  "expected"  fleet,  with  Concorde/Tupolev  only,  would 
have  about  the  same  SST  usage  as  the  FAA  high  estimate. 


TABLE  2.25. 

FUEL  CONSUMPTION  COMPARISONS, 
CIAP  AND  FAA  (10$  kg/yr) 

\ 

CIAPa 

CIAP3 

FAA 

b 

) 

Expected 

Upper 

Bound 

Low 

High 

•i 

Subsonic  SST 

Subsonic  SST 

Subsonic 

T5T 

Subsonic  SST 

1970 

14.2  0 

14.2 

0 

-- 

4 

1975 

45.5 

0 

45.5  0 

1980 

35.7  1 . 34c 

50.2 

1 . 6C 

61.4 

0.86 

69.2  0.99 

% 

4 

1985 

81.0 

2.54 

107.3  3.39 

1 

1990 

59. 0d  15.3d 

117.85 
11 0 .1 d 

12 .65 

27. 6d 

104.9 

4.88 

165.8  7.89 

| 

aFrom  9 

km  up.  Source:  CIAP,  R0F, 

pp.  D-85 

to  D-88. 

! 

^From  6 km  up.  Source:  AOL.  Approximately  15  percent  of  the  total 

subsonic  fuel  is  used  in  the  6-km  to  9-km  band. 

cConcorde/Tupol ev  assumed. 
dLarge  advanced  SST  assumed. 

CIAP  SST  fuel  above  9 km  (Concorde/Tupolev)  is  almost  all  (90  percent) 
in  the  15-km  to  l8-km  band;  FAA  SST  fuel  is  only  59  percent  (1990  high  case) 
above  15  km  in  the  total  used  above  9 km,  or  50  percent  of  the  total  used  above 
6 km. 

Growth  rates  can  also  be  compared.  The  growth  rate  for  subsonic  travel 
1970  to  1990  for  the  CIAP  expected  fl^et  Is  roughly  7 percent  per  year  and  for 
the  CIAP  upper-bound  fleet  roughly  11  percent  per  year,  whereas  the  FAA  fleet 
projections  involve  a growth  rate  (1975-1990)  of  4 percent  and  7 percent, 
respectively,  for  low  and  high  projections.  The  CIAP  "Concorde/Tupolev  only" 
case  involves  . ST  growth  rates  (upper-bound)  of  23  percent  per  year  (1980-1990), 
whereas  the  FAA  figures  call  for  19  percent  and  23  percent,  respectively,  for 
low  and  high  cases.  As  noted  earlier,  these  growth  rates  were  considered 
optimistic  by  SRI. 

Fuel  consumption  and  NOx  emissions  by  altitude  band  as  reported  are 
given  for  the  1990  high  FAA  fleet  in  Table  2.26.  Longitudinal  distributions  of 
fuel  consumption  and  N0X  emissions  for  the  total  fleet  and  for  various  aircraft 
of  interest  are  given,  again  as  reported,  in  Tables  2.27  and  2.28. 
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TABLE  2.26.  FUEL  CONSUMPTION  AND  NO  EMISSIONS, 
1990  HIGH  FLEET.  AS  REPORTED. 


SOURCE:  Arthur  D. 

Little,  Inc. , 1976 

Fuel,  109  kg/yr 

N0X,  106 

kg/yr 

AT  titude 

Subsonic  SST 

Subsonic* 

SST 

6-  8 

10.67  0.652 

110.98 

7.17 

8-  9 

13.98  0.581 

123.49 

6.40 

9-10 

35.10  0.543 

331.12 

5.97 

10-11 

59.03  0.502 

480.08 

4.73 

11-12 

40.08  0.465 

319.04 

4.36 

12-13 

6.17  0.427 

39.37 

4.69 

13-14 

0.65  0.387 

5.80 

7.73 

14-15 

0.394 

7.89 

15-16 

1.378 

26.25 

16-17 

1 .157 

20.82 

17-18 

0.847 

15.71 

. ii-  i 

0.527 

9.48 

165.68  7.860 

1 ,409.88 

121.20 

*See  footnote.  Table  2.21. 

Note  (Tables  2.2?  and  2.28)  that  the  altitude  distribution  of  SST  NOx 
emission  differs  somewhat  from  CIAP  data.  Thus,  FAA  peak  NOx  emissions  are  in 
the  15-km  to  l6-km  band,  and  extend  into  the  18-km  to  19-km  band.  The  higher 
altitude  emissions  (above  18  km)  are  presumably  based  on  inclusion  of  higher 
flying  (than  Concorde)  Tupolev  aircraft  in  the  fleet  mix.  In  CIAP,  N0X  emissions 
from  current  SSTs  were  assumed  to  be  centered  at  16.5  km,  and  not  to  extend  above 
18  km.  Leach  et  al.,  at  the  3rd  Conference  on  CIAP  (February  26  - March  1,  197*0 
also  indicate  peak  SST  (Concorde)  fuel  consumption  and  N0X  emissions  to  be  in  the 
l6-km  to  17-km  band,  rather  than  in  the  15-km  to  l6-km  band  as  reported  by  ADL. 


Note  also  (Table  2.23)  that  the  total  fuel  used  by  subsonic  aircraft  in 
1990  above  12  km  is  6.82  x 109  kg/yr,  of  which  90  percent  is  in  the  12-km  to 

Q 

13-km  band.  These  figures  can  be  compared  to  the  figure  of  15.3  x 10  kg/yr 
for  the  CIAP  expected  fleet  (Table  2.$)  in  the  12-km  to  15-km  band. 


Some  further  breakdown  of  the  FAA  figures  is  of  interest:  The  FAA  pro- 

jections include  21  subsonic  aircraft  types,  many  of  which  are  assumed  to  enter 
the  12-km  to  13-km  band  (39,360  to  42,640  ft)  a portion  of  the  time.  Only  a few, 
however,  are  assumed  to  enter  the  13-km  to  14-km  band.  These  are  the  747SP,  the 
7X7,  the  "miscellaneous"  category  (of  which  the  737  is  representative),  and  the 
Lear  and  Qulf  business  Jets.  Of  these,  two  aircraft,  the  747SP  and  the  7X7,  may 
be  considered  to  be  advanced  subsonics;  "1990  high"  data  on  these  aircraft  are 
given  in  Tables  2.27  and  2.28.  Their  projected  growth  is  as  shown  in  Table  2.29. 
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TABLE  2.29. 


GROWTH  IN  ADVANCED  SUBSONICS,  747SP  CLASS  AND 

7X7  CLASS,  FLIGHT  HOURS  PFR  DAY 

SOURCE:  Stanford  Research  institute,  1976 


747SP 

Class 

7X7 

Class 

Low 

High 

Low 

High  ! 

1 

0 

0 

0 

0 j 

145.32 

163.42 

0 

0 j 

443.03 

586.09 

1,895.10 

2,516.32  | 

527.83 

833.83 

6,623.76 

10,444.67  | 

Year 

1975 

1980 

1985 

1990 


The  7X7  class  of  aircraft  is  thus  postulated  to  grow  rapidly,  replacing 
certain  other  aircraft  In'the  process.  However,  the  7X7  is  not  postulated  to 
spend  an  appreciable  portion  of  Its  cruise  at  high  altitudes,  as  does  the  7^7SP. 
The  estimates  are  given  in  Tables  2.30  and  2.31. 


TABLE  2.30.  ALTITUDE  DISTRIBUTION  OF  FLIGHT  HOURS  FOR 


i 


l'j 

I 

747SP  AND  7X7  CLASSFS 
SOURCE:  Arthur  D.  Little, 

Inc.,  1976 

ij 

7X7 

* 

i * 

Altitude 

747SP* 

1985 

1990 

Pii 

10-11 

0.011 

0.323 

0.328 

s i 

n 

11-12 

0.479 

0.310 

0.270 

!jl  ' 

i 'i  i 

12-13 

0.239 

0.0738 

0.0811 

II 

; » , J. 

jvj 

13-14 

0.237 

0.0170 

0.0120 

1 

r’ ; r 

f:\  V 

A"  f 

*The  distribution  for  the  747SP  Is  almost  Invariant  with  time. 

1 

1 

1 

1 ! 

TABLE  2.31. 

FUEL  CONSUMPTION  ESTIMATES 
SUBSONICS  IN  HIGH  ALTITUDE 

FOR  ADVANCED 
BANDS,  109  KG/YR, 

1 

1 

] 

i, 

fe 

fci 

fl . 

1990  HIGH  FLEET 

SOURCE:  Arthur  D.  Little, 

Inc. , 1976 

.! 

5 

\ 

Total  Subsonic 

747SP 

7X7 

|f-', 

10-11 

59.03 

0.039 

7 ,63 

11-12 

40.08 

1.408 

5.64  ! 

12-13 

6.17 

0.580 

1.425 

1: 

13-14 

0.647 

0.441 

0.173  ! 

1 

According 

to  these  data,  the  7X7  and  747SP  will  (in  1990) 

1 

burn  95  ! 

| 

percent  of  the  fuel 

used  by  subsonics  in  the  13- 

-km  to  l4-km  band. 

The  747SP  1 

itself  will  use  68  percent  of  the  total;  a small  additional  amount  will  be  used 
by  "miscellaneous"  and  business  jet  categories.  These  aircraft  (the  747SP  and 
7X7)  use  only  one-third  of  the  total  fuel  in  the  12-km  to  13-km  band,  however, 
and  lesser  fractions  below  that. 
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The  relative  N0X  contribution  by  these  various  classes  of  aircraft 
depends,  of  course,  on  their  emission  indices.  With  the  ADL  emission  index 
numbers  (see  Table  2.21),  the  747SP  class  contributes  a greater  fraction  of 
total  N0X  emissions  than  indicated  in  Table  2.31. 

B.  Modified  Emissions  Estimates 

It  has  been  noted*  that  the  N0X  emission  infiex  used  by  ADL  for  CF6- 
engined  aircraft  appears  to  be  low  by  a factor  of  about  it  is  our  under- 
standing, based  on  data  in  CIAP  Monograph  2,  that  the  CF6  and  the  JT9D  engines 
have  similar  N0X  emission  characteristics.  It  was  also  noted  that  the  distri- 
bution in  a vertical  sense  of  N0X  emissions  from  Concordes  was  weighted  towards 
lower  altitudes  than  reported  by  Leach  et  al.  (1974),  of  British  Aircraft  Corp.  A: 
independent  (IDA)  estimate  was  thus  made  of  the  Concorde  distributions  using 
Rolls-Royce  published  data  by  C.  J.  Soott  (1974),  with  derived  results  as  shown  in 
Fig.  2.3.  The  data  shown  apply  after  reheat  cutoff  at  13.2-km  altitude  for  ISA** 
conditions  for  two  cases,  one  of  which  (109,000  kg  end-of-cruise  weight) 
corresponds  to  the  North  Atlantic  runj  the  other  is  for  a limiting  altitude- 
range  case,  with  lesser  reserves.  No  data  are  available  for  shorter  runs.  The 
data  given  in  Fig.  2.3  can  be  broken  into  whatever  altitude  increments  are 
desired.  The  average  Concorde  emission  index,  computed  by  IDA  from  fuel  flow 
data  provided  by  Scott  and  the  integrated  NOx  emissions,  corresponds  to  about 
20  g N02/kg  fuel — about  10  percent  higher  unan  the  value  quoted  in  CIAP  and 
elsewhere  in  this  document. 

Scott  (1974)  doeB  not  provide  estimates  of  emissions  during  the  descent 
phase,  but  these  should  be  small;  he  also  does  not  provide  emissions  during  the 
time  afterburners  are  operating  below  13.2  km.  Substantial  quantities  of  fuel 
are  burned  during  the  initial  acceleration  phase,  but  because  of  the  low  altitude 
involved,  effects  on  ozone  are  probably  small.  (See,  however.  Appendix  A.) 

Also,  Scott  assumed  a 0.6  power  of  NOx  emission  index  with  pressure,  which  he 
cautioned  might  be  high,  but  the  measured  values  under  simulated  conditions 
seemed  to  agree  reasonably  well  with  the  predicted  figures.  He  included  a +12 
percent  correction  on  measured  N0X  values  to  correct  the  stratospheric  humidity 
conditions.  Scott  also  provides  curves  for  various  other  ISA  conditions;  at 
higher  (than  ISA)  temperatures  the  aircraft  flies  lower  (and  may  need  to  off- 
load to  obtain  the  necessary  range).  Seasonal  effects  may  thus  enter  in 
computing  altitude  distributions  of  emissions.  (See  Section  2.4.) 

Based  on  these  and  other  relevant  data,  a revised  set  of  figures 
(Table  2.28)  was  generated  for  N0X  emissions  only,  and  for  the  1990-high  case 
oply.  The  procedures  used  were  as  follows: 

* See  footnote  on  Table  2.21. 

••International  Standard  Atmosphere  Supplement,  1966. 
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SOURCE:  Developed  from  data  published  by 

C.  J.  Scott,  1974 

1.  The  NOx  emissions  for  CF6-englned  aircraft  in  each  altitude-latitude 

box  (ADL,  1976,  pp.  C-18  to  C-24)  were  summed  separately  for  (a)  aircraft 
types  6,  7,  and  13;  and  (b)  for  aircraft  types  15  and  17,  these  groups 
having  slightly  different  reported  emission  indices  (p.  10).  (See  Table 
2.19.)  The  incremental  N0X  rate  for  each  group  was  then  calculated, 
assuming  the  same  omission  Indices  as  given  for  the  JT9D  at  the  specified 
altitude.  These  two  incremental  rates  were  then  summed  and  added  to  the 
reported  total  (Table  2.28).* 


•The  Incremental  rate  for  NO  (kg/yr)  for  each  aircraft  in  each  box  is 
simply  the  reported  rate  times  the  ratio 

(E,IJT9D/E.I.1  ~ 

where  E.I.j^p  is  the  emission  index  (at  the  given  altitude  for  the 
JT9D),  and  E.I.^  is  the  quoted  emission  for  the  1th  aircraft. 
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2.  The  distribution  of  emissions  with  altitude  for  the  SST  was  revised  in 
rough  accordance  with  the  data  in  Pig.  2.4  by  shifting  the  emissions 
in  the  17-km  to  18-km  band  into  the  15-km  to  16-km  band  and  the  other 
two  up  1 km.  No  change  was  made  to  the  l8-km  to  19-km  band  or  14-km 
to  15-km  band.  The  following  data  (Table  2.32)  provided  the  Justifica- 
tion for  this  redistribution, 

TABLE  2.32.  COMPARISON  FOR  SST  EMISSION  DISTRIBUTION 
ESTIMATES  (15-km  TO  18-km  BAND) 


Altitude, 

km 

ADL.  D. 

E-l  9 

IDA 

Leach  et 

al..3  1974 

N0* 

2 

Percent 

Fla.  2 . Z1 

Percent2 

45-60°N 

2 

Percent 

15-16 

2.625E7 

41 .8 

23.0 

25.1 

22.5 

25.2 

16-17 

2.082E7 

33.1 

40.0 

43.7 

45.6 

51.1 

00 

1 

1 .571E7 

25.0 

28.5 

31.1 

21.1 

23.7 

Total  6.278E7 


Concorde  only 
2Normal 1 zed 

Report  on  3rd  CIAP  Conference!  p.  77,  Fig.  22 

No  change  was  made  to  the  altitude  distribution  of  subsonic  emissions, 
even  though  they  appeared  somewhat  questionable,  as  noted  earlier. 

Leach  et  al.  put  about  half  the  15-km  to  18-km  N0X  emissions  from 
Concordes  in  the  16-km  to  17-km  band,  with  about  equal  amounts  above  and  below. 
About  44  percent  are  in  this  band,  with  somewhat  more  above  than  below,  based  on 
Scott's  data  (Pig.  2.?).  ADL  puts  only  33  percent  in  this  band.  Also,  the  PAA 
fleet  Includes  some  TU-l44s  (number  unspecified)  which  should  Increase  emissions 
in  th?  17-km  to  18-km  band  as  well  as  put  some  in  the  18-km  to  19-km  band.  It 
thuB  seemed  reasonable  to  adjust  the  quoted  15-km  to  16-km  and  16-km  to  17-km 
band  emissions  as  indicated  above.  The  distribution  beoomes  about  as  estimated 
for  Concorde  (Pig.  2.2),  but  with  somewhat  more  in  the  17-km  to  18-km  band  than 
estimated  by  Leach. 

The  summarized  results  are  shown  in  Table  2.33*  Obviously,  the  revised 
figures  should  all  be  reohecked. 

2.3.3  Fleet  Size  Estimates 

The  preceding  results  are  based  on  average  fliqht  hours  per  day.  The 
number  of  alroraft  required  is  also  of  interest.  These  have  been  provided  for 
the  low  or  base  case  by  B.  Hannon  of  PAA,  and  are  given  in  Table  2.34. 
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TABLE  2.34. 


WORLD  AIR  CARRIER  FLEET  TURBOJET 
COMPOSITION  (1990  BASE  FORECAST)* 
SOURCE:  FAA 

Year 


♦Source: 


1975 

1980 

1985 

1990 

Supersonic 

4 engine 

-- 

20 

47 

88 

Wide  Body 

4 engine 

240 

414 

741 

1,103 

3 engine 

260 

845 

1,311 

2,067 

2 engine 

5 

35 

765 

855 

Standard  Body 

4 engine 

1,464 

834 

415 

-- 

3 engine 

1,285 

1,188 

872 

593 

2 engine 

2,375 

1,075 

569 

132 

(Other) 

-- 

1 ,206 

1 ,488 

1 ,883 

Total 

5,629 

5,617 

6,208 

6,721 

B.  Hannon,  FAA, 

20  August 

1976. 

A corresponding  estimate  for  the  "high  case"  is  not  available.  On  the 
basis  of  aircraft  hours  per  day,  however,  the  SST  figure,  which  may  be  of 
greatest  interest,  would  be  x 88  or  142  aircraft  in  1990. 

The  fuel  consumption  (kg)  per  SST  per  year  in  the  FAA  analysis  is  higher  than 
in  the  earlier  CIAP  analysis.  This  is  evident  from  the  data  in  Table  2.25 


4.88  x 
— 


10' 


x . 85  - 4. 71  x 10 ' ) vs  that  in  Table  2.11 


12 


6 x 109  _ 



3-33  x 10 


0- 


The  FAA  estimate  evidently  assumes  more  hours  per  day  per  aircraft  above  12  km 
than  did  CIAP.  The  CIAP  estimate  for  the  1990-"High"  fuel  flow  would  be  201 
SSTs. 

2.4  A WORD  ABOUT  FLIGHT  ALTITUDES 

Altitudes  used  by  aircraft,  and  quoted  heretofore,  are  not  true  geometric 
altitudes  above  sea  level,  except  in  rare  circumstances.  Aircraft,  in  the 
absence  of  other  constraints,  operate  at  defined  "pressure-altitudes,"  these 
being  the  indicated  altitudes  when  a pressure  altimeter  is  set  at  1,013*25  mbar 
at  sea  level  and  calibrated  with  the  standard  atmosphere;  a table  of  values  is 
given  in  Table  5.3  of  the  U.S.  Standard  Atmosphere  Supplements  (1966).  The 
"standard  atmosphere"  used  is  invariant  with  season  and  locale,  as  necessary,  for 
flight  safety;  geometric  or  absolute  altitudes,  of  course,  will  vary,  perhaps  as 
much  as  1/2  km  or  more  above  or  below  the  nominal  flight  altitude.  For  examp  ?, 
an  aircraft  operating  at  193  mbar,  with  a pressure  altitude  of  12.010  km,  would 
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have  a geopotential  altitude  (which  ia  nearly  the  geometric  altitude  in  this 
region  of  the  atmosphere)  of  11.2114  km  at  75°  N in  January  and  of  12.635  km  at 
30°  N in  July. 

In  some  cases,  as  with  the  Concorde,  additional  complications  enter;  the 
turbine  inlet  temperature,  e.g.,  cannot  exceed  recommended  values.  Where 
ambient  temperatures  are  higher  than  standard  values,  this  limits  mach  number, 
which  in  turn  forces  lower  cruise  altitudes  (by  as  much  as  2 km)  (see  Scott, 
197*0,  off-optimum  operating  conditions,  and  use  of  reduced  payloads.  The 
altitude  distribution  as  a function  of  season,  including  any  variations  in  flight 
frequency  and  in  weather  (which  must  be  treated  statistically),  becomes  a matter 
of  considerable  complexity. 

The  pressure-altitude  versus  geometric-altitude  question  is  of  significance 
in  modeling  (for  models  set  up  in  geometric  coordinates),  but  the  limited  reso- 
lution of  available  models,  the  concentration  of  traffic  in  mid-latitudes,  and 
the  recognized  presence  of  other  uncertainties  has  precluded  their  inclusion  to 
date. 

2.5  CONCLUDING  COMMENTS 

The  foregoing  N0X  emission  estimates  are  based  on  probe-sampling  techniques. 
It  should  be  reemphasized  that  these  may  be  low  by  a factor  of  2 to  5,  Judging 
by  results  from  an  in  aitu  UV  absorption  method  (see  Section  2.2.3).  This  is  an 
obviously  critical  uncertainty  and  must  be  resolved. 

Note  also  that  a number  of  significant  differences  are  evident  between  the 
1974/CIAP  and  current  SRI/ADL/FAA  projections  as  to  aircraft  operations.  These 
can  be  summarized  as  follows: 

1.  The  annual  fuel  consumed  by  subsonic  aircraft,  according  to  the  ADL/FAA 
figures,  is  about  twice  as  great  as  that  estimated  with  the  CIAP  model. 
The  low  altitude  (below  12  km)  emissions  of  pollutants  are  correspon- 
dingly greater. 

2.  The  fuel  consumed  by  subsonic  aircraft  at  altitudes  above  12  km  is 
considerably  less  in  the  FAA  results  than  in  the  CIAP  results,  and 
weighted  more  closely  to  12  km. 

3.  The  CIAP  projections  emphasized  a mach  2.7  advanced  SST  beyond  about 
1985.  No  such  vehicle  is  now  expected  by  1990,  the  end  point  of  the 
FAA  projections. 

*4.  According  to  FAA  projections,  the  growth  rate  of  SST  travel,  with  only 
the  Concorde/Tupolev  available,  is  modest,  calling  for  only  88  (as  a 
low  or  base  estimate)  to  1*42  (as  a high  estimate)  such  aircraft  by  1990. 
No  directly  comparable  figures  are  available  from  CIAP,  but  the  "high" 
estimate  here  would  appear  to  be  about  the  same  as  the  "expected" 
estimate  in  CIAP. 


5.  N0X  emission  estimates  are  in  need  of  reexamination,  not  only  because 
of  the  measurement  uncertainties  noted  herein,  but  also  because  of 
questions  that  became  evident  while  preparing  this  section,  questions 
that  led  to  the  preparation  of  the  ''modified"  fleet  emissions  included 
herein  (Section  2.3.2-b  and  Table  2.33).  The  altitude  distribution  of 
emissions  is  rather  critical}  it  is  noted  in  later  material  herein 
(cf.  Appendix  A)  that  N0X  emissions  appear  to  have  opposite  effects  on 
the  ozone  column  above  and  below  about  km.  Seasonal  distributions, 
and  altitude  distribution  changes  with  season,  may  also  be  significant. 


3.  EFFECTS  OF  AIRCRAFT' EXHAUST  PRODUCTS  (PRINCIPALLY  NOj 
ON  THE  OZONE  COLUMN  x 

3.1  INTRODUCTION 

This  chapter  reviews  available  published  studies  and  recent  results  (ob- 
tained under  HAPP)  on  the  effects  aircraft  exhaust  products  may  have  on  the 
ozone  column.  The  principal  component  of  interest  in  such  exhaust  is  NOx  (NO  + 
N02),  and  most  studies  have  dealt  only  with  effects  of  NOx>  Some  fragmentary 
information  is,  however,  available  on  effects  of  water  vapor.  Emphasis  here  is 
on  model  results  and  interpretation  of  aircraft  effects,  rather  than  on  the 
models  themselves. 

This  review  begins  with  some  background  material  (Section  3*2)  on  ozone 
production  and  destruction,  emphasizing  stratospheric  ozone.  The  effects  that 
changes  in  the  ozone  column  at  various  latitudes  and  seasons  would  have  on  the 
flux  of  "damaging  ultraviolet"  [or  DUV,  (NAS,  1976,  1976a)],  which  is  associated 
with  sunburn  and  skin  cancer,  are  indicated  briefly. 

The  modeling  problem  is  then  discussed  in  general  terms  (Section  3-3). 
Detailed  modeling  results  follow  in  Section  3*4,  in  essentially  chronological 
order,  beginning  with  results  published  in  the  CIAP  ROF  (197*0  and  the  NAS  (1975)' 
reports.  The  COMESA  (1975)  results  are  then  reviewed  briefly,  with  more  details 
provided  in  Appendix  B.  More  recent  work,  most  of  which  has  been  carried  out 
under  HAPP,  is  then  described.  This  more  recent  work  includes  time-dependent 
effects  using  a 1-D  model,  and  effects  of  added  or  revised  chemistry  (methane 
oxidation  reactions,  chlorine  effects,  etc.).  A discussion  of  effects  of  uncer- 
tainties in  results  due  to  reaction  rate  uncertainties  is  included.  Finally,  a 
recent  2-D  model  result  for  an  FAA  "1990  high"  fleet  is  described;  in  this  run, 
chlorine  chemistry  was  not  included  but  methane  oxidation  reactions  and  use  of 
certain  revised  kinetics  were  included. 

As  will  be  described,  inclusion  of  the  methane  Oxidation  reactions  (possibly 
when  coupled  with  minor  changes  in  reaction  rates),  gives  results  for  N0X  injec- 
tions that  indicate  subsonic  aircraft,  in  general,  will  increase  rather  than 
decrease  [as  in  CIAP  (197*0;  NAS  (1975)]  the  ozone  column.  As  zonal  averages 
are  involved  in  the  results,  however,  the  question  arises  regarding  the  distri- 
bution within  the  zone  of  the  enhancements  in  ozone  column.  This  question  is 
discussed  in  Section  3.5. 

The  question  of  model  validation,  particularly  for  1-D  models,  is  discussed 
in  Section  3.6.  A summing  up  is  then  added  as  the  final  section  (3.7). 
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3.2  BACKGROUND 


3.2.1  Stratospheric  vs  Tropospheric  Ozone 

The  great  bulk  of  the ■ protective  ozone  column  is  in  the  stratosphere,  as 
is  evident  from  Pig.  3.1.  (The  stratosphere  was,  in  fact,  once  known  as  the 
"ozonosphere . " ) For  this  reason,  when  effects  of  supersonic  aircraft,  which 
would  cruise  well  into  the  lower  stratosphere,  came  under  investigation  (as  in 
CIAP),  emphasis  was  quite  naturally  on  stratospheric  ozone  and  the  chemistry 
pertinent  to  it.  For  lower  altitude  flight,  however,  as  is  the  case  for  sub- 
sonic aircraft,  methane  oxidation  reactions,  which  form  ozone  ir  the  troposphere, 
become  significant,  so  that  both  stratospheric  and  tropospheric  ozone  chemistry 
must  be  treated  in  computing  effects  on  the  ozone  column.  The  possible  impor- 
tance of  these  reactions  was  noted  by  Johnston  and  Quitevis  (1974),  and  by 
Crutzen  (1973),  but  were  not  included  in  CIAP  ROF  (1974),  or  NAS  (1975),  calcula- 
tions; the  COMESA  (1975)  effort  considered  them  briefly.  The  importance  of 
these  reactions  is  evident  from  results  to  be  reported  later  herein. 

Tropospheric  ozone  is  highly  variable  and  its  sources  and  sinks  a matter 
of  much  current  debate  (see,  e.g.,  Chameides  and  Stedman,  1976),  and  much  work 
remains  to  be  done.  No  attempt,  is  made  here  to  review  the  controversies  and 
complexities  in  the  general  tropospheric  ozone  question.  Rather,  and  what 
appears  to  be  of  more  interest,  the  treatment  is  limited  to  the  incremental 
ozone  computed  by  modeling  studies,  based  on  methane  oxidation  and  associated 
reactions.  These  reactions  are  probably,  although  not  assuredly,  the  principal 
ones  of  interest  at  the  altitudes  at  which  typical  subsonic  aircraft  cruise. 

Stratospheric  ozone  is  reviewed  briefly  in  the  following  section. 

3.2.2  Stratospheric  Ozone 

The  stratospheric  ozone  question  has  intrigued  researchers  for  many  years, 
and  while  a great  deal  of  progress  has  been  made  in  recent  years,  it  is  clear 
that  significant  uncertainties  remain.  The  problems  are  extremely  complex  and 
certain  important  aspects  extremely  sensitive,  for  example,  to  what  appear'  to 
be  minor  uncertainties  in  reaction  rates  (as  will  be  discussed  in  Section  3.4.6). 
These  matters  are  treated  in  considerable  detail  elsewhere  (Johnston,  1975; 

NAS,  1975;  CIAP  Monograph  1,  1975;  Duewer  et  al.,  1976a).  A brief  recapitulation, 
however,  from  the  viewpoint  of  this  work,  seems  appropriate. 

The  observed  facts  about  ozone,  based  on  NAS  (1975),  are  indicated  in  sample 
fj^rm  in  Figs.  3.2,  3.3,  3.4,  and  3-5,  supplementing  Fig.  3.1.  Note  in  Figs. 

3'.  2 and  3.3  that  the  ozone  concentration  (mol/cm^)  and  the  ozone  column  are  at 
abnaximum  in  the  spring  in  the  polar  regions,  and  that  (Fig.  3.4)  there  is 
considerable  variability  on  various  time  scales,  including  those  of  the  solar 
cj|cle.  The  maximum  mixing  ratio  (molecules  of  O^/molecules  of  air).  Fig.  3.5» 


/ 
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FIGURE  3.1.  Ozone  Distribution  and  Column  Totals 
(22  '-larch,  45°  N) 

Source:  after  N..S,  1975  (Fig.  A-9) 


usually  is  found  in  the  tropics,  near  about  30  km,  although  higher  mixing  ratios 
(up  to  23  ppm)  have  been  reported  in  small  regions  of  the  polar  stratosphere 
(Heach,  1?  4)  near  4 mbar,  following  a major  stratospheric  warming,  suggesting 
unaccounted-for  sources  of  ozone.  The  problem  faced  by  atmospheric  scientists 
is  i,o  explair  the  observed  distributions  of  ozone  in  a time-dependent,  three- 
dimensional  (3-D)  sense. 

As  Johnston  (1975)  points  out,  the  ozone  "problem"  can  be  approached  in  two 
ways,  depending  on  what  one  wishes  to  deduce.  Thus,  one  can  approach  the  problem 
in  a very  fundamental  sense,  using  a combination  of  radiation  data,  photochemis- 
try, and  dynamics,  to  determine  whether  the  ozone  distribution  can  be  matched. 
This  approach,  including  dynamics,  is  clearly  necessary  if  one  wishes  to 
determine  the  efiects  of  a perturbing  pollutant  source,  for  the  rate  at  which 
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FIGURE  3.2 


FIGURE  3. 


Ozw*  Coftcantrotiofl  (molecule*  cm*9) 
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Average  (March  22)  Ozone  Concentration  In  Units  of  Molecules 
cm"3  Expressed  as  Zonal -Average  Contour  Lines  ( 7 E 1 2 means 
7 x lO'Z).  The  variation  of  the  ozone  maximum  with  latitude 
can  be  read  from  the  figure.  The  large  concentration  in  the 
lower,  spring,  polar  stratosphere  is  consistent  with  Fig.  3.3 
below. 

Source:  NAS,  1975,  p.  102 
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3.  Variation  of  Integrated  Vertical  Ozone  Column  with  Season  at 
Tropical,  Temperate,  and  Polar  ?ones. 

Source:  NAS,  1975,  p.  120 


such  materials  are  removed  from  (and  distributed  through)  the  stratosphere  is 
critical  to  the  problem.  However,  if  one  wishes  simply  to  understand  the 
factors  controlling  formation  and  destruction  of  ozone  in  the  existing  strato- 
sphere, one  can,  according  to  Johnston,  ignore  dynamics  (other  than  to  show 
that  transport  to  the  troposphere,  with  destruction  at  the  surface  is  small  in 
comparison  to  the  total  ozone  production  rate)  and  utilize  observed  "snapshots" 
of  ozone  concentrations,  along  with  knowledge  of  photochemistry  and  certain 
critical  trace  species,  to  see  whether  known  instantaneous  ozone  production 
mechanisms  match  known  ozone  destruction  mechanisms.  The  second  approach  would 
appear  to  be  preferable  from  a chemical  rate  standpoint  as  various  uncertainties 
can  be  explored  in  more  expeditious  fashion. 

Using  this  latter  approach,  Johnston  (1975)  has  argued  that  the  classic 
pure  air  Chapman  (1930)  reactions, 


02  + hv  (below  242  nm)  -*•  2 0 

(1) 

0+02+M*03+M  (twice) 

(2) 

o3  + o * o2  + o2 

(3) 

03  + hv  (visible,  UV)  -►  02  + 0 

(4) 

on  a global  basis,  produce  (reactions  1 and  2)  at  five  times  the  rate  that 
0^  is  destroyed  by  reaction  3-  Reaction  4,  the  photodissociation  of  0^,  is  not 
of  concern,  since  the  most  probable  fate  of  the  oxygen  atom  is  to  recombine 
with  02,  according  to  (2)  reforming  0^.  Johnston  (1975)  explores  the  uncertain- 
ties in  this  computation  at  length  and  demonstrates,  beyond  reasonable  doubt, 
that  other  mechanisms  (in  effect  catalyzing  reaction  3),  must  be  responsible 
for  destruction  of  the  majority  of  the  ozone  formed  by  reactions  1 and  2.  He, 
and  others,  had,  of  course,  come  to  this  conclusion  some  years,  perhaps  a 
decade,  earlier.  It  is  of  interest  to  note,  historically,  however,  that  as 
recently  as  1963,'  using  then-current  reaction  rates  and  Chapman  chemistry. 
Prabhakara  (1963)  developed  dynamics  with  which  he  was  able  to  explain  the  ozone 
balance. 

It  is  now  clear  the  chemistry  of  stratospheric  ozone  is  far  more  complex 
than  indicated  by  the  Chapman  reactions.  Reaction  3 is  evidently  catalyzed 
(homogeneously)  by  a number  of  cycles,  which  are  of  differing  importance  at 
different  altitudes;  these  Include  cycles  involving  wate*  chemistry  (H0X, 
including  H,  HO,  and  H00),  nitrogen  oxide  chemistry  [N0X,  or  NO  + NOg  and 
perhaps,  NO^,  the  latter  at  low  altitudes],  halogen  oxide  chemistry  (primarily 
C10x,  but  including  BrOx)  and,  of  course,  possibly  heterogeneous  ^atalysis.  A 
simplified  set  of  reactions  important  to  the  ozone  balance  is  given  in  Table 
3*1;  more  detailed  listings  are  given  later  in  this  section.  According  to 


Johnston  (1975),  the  N0X  cycle  Is  the  most  Important;  he  gives  the  Instantaneous 
rates  of  formation  and  destruction  of  0^  in  Table  3*2. 

TABLE  3.2.  THE  INSTANTANEOUS  OZONE  BALANCE,  1029  MOLECULES/SEC* 


SOURCE:  Johnston,  1975 

January  15  March  22 

Gross  rate  of  formation  500  486 

Average  transport  to  troposphere  6 6 

Chemical  loss  by  difference  494  480 

Chemical  loss  by  Chapman  86  89 

Chemical  loss  by  water  reactions  56  54 

Chemical  loss  by  other  mechanisms  352  337 


Johnston  (1975)  further  found  that,  if  the  combined  concentration  of  NO 

Q o 

and  N02  is  3*6  x 10  molecules/cm  , ozone  production  and  destruction  would  be 
in  balance.  This  figure  is  within  the  (rather  wide)  range  of  measured  values. 

With  inclusion  of  these  various  cycles,  the  problem  becomes  exceedingly 
difficult.  It  would  appear,  for  example,  that  in  order  to  establish  the  rela- 
tive importance  of  the  various  cycles,  data  on  trace  species,  such  as  H20,  N0X, 
C10x,  etc.,  must  be  obtained  in  a detail  to  match  that  of  the  existing  ozone 
data,  and  highly  accurate  reaction  rate,  photolysis,  and  radiation  (scattered 


and  direct)  data  must  be  available.  Interactions  between  these  different  cycles 
(HNOj,  CIONO,  C10N02,  HC1 , H0C1,  etc.)  would  all  need  to  be  included. 

Most  stratospheric  NOx  is  thought  to  come  from  the  oxidation  of  NgO  by 
energetic  oxygen  atoms  [0(1D)]  produced  by  photolysis  of  ozone.  N20  is  produced 
in  the  soil  by  biological  processes;  it  is  also  apparently  produced  during 
combustion,  as  in  coal-fired  power  plants  (Craig,  1976).  Also,  N.,0  production 
by  soil  bacteria  presumably  increases  with  fertilizer  use;  hence,  there  has 
been  increased  concern  with  all  sources  of  NjO  and  fixed  nitrogen  as  to  potential 
effects  on  ozone  (Liu  et  al. , 1976;  McElroy  et  al.,  1976;  Johnston,  1976; 

Crutzen,  1976a;  Blackmer  and  Bremner,  1976).  The  calculations  are  highly 
uncertain  because  a large  unknown  sink  for  N^O  apparently  exists  in  the  tropo- 
sphere and  there  is  uncertainty  as  to  the  time  delays  involved  (years  vs. 
centuries). 

Stratospheric  C10x  comes  from  photolytic  dissociation  in  the  upper  strato- 
sphere of  chlorine-containing  compounds  such  as  CCl^,  CH^Cl,  CP2C12,  and  CFCL^. 
CH^Cl  is  probably  the  only  naturally  occurring  source  of  material;  the  others 
are  man-made.  The  impact  of  chlorine-containing  compounds,  particularly  CP2C12 
and  CFCL^,  which  are  produced  in  large  quantities  for  use  as  aerosol  propellants 
and  refrigerants,  has  been  the  subject  of  extensive  study  in  the  period  since 

•See  Duewer,  et  al. , (1976a)  for  revised  estimates. 


the  CIAP  Report  of  Finding  was  issued  (see  NAS,  1976,  1976a;  also  United 
Kingdom  Department  of  the  Environment,  1976).  Much  has  been  learned  about 
stratospheric  chemistry  in  the  process.  It  is  now  evident  that  there  are 
important  interactions  between  the  C10x,  N0X,  and  H0X  cycles,  as  will  be  shown 
in  a later  section.  The  present  best  estimate  of  chlorine  content  of  the  strato- 
sphere in  all  forms  is  about  1 to  1.5  ppb,  but  thi6  is  expected  to  increase  in 
the  future,  partly  due  to  the  large  present  reservoir  in  the  troposphere,  and 
partly  due  to  continued  manufacture  of  CFgClg  and  CFCl^  *'or  at  least  some  uses. 
This  level  of  chlorine  is  thought  to  reduce  ozone  content  somewhat  luss  than 
1 percent  (NAS  1976,  p.  5-13)  based  on  1-D  modeling  exercises,  but  is  neverthe- 
less of  importance  in  estimating  effects  of  N0X  added  from  aircraft. 

3.2.3  Effects  of  Altered  Ozone  Levels  on  Erythema) ly-Welghted  Surface  UV  Flux 

A.  Genera 

Under  typical  mid-latitude  conditions,  almost  no  photon  flux  reaches  the 
ground  with  wavelengths  below  about  295  nm,  as  shown  in  Fig.  3.6  (Cutchis,  1974) 
for  a specific  ozone  column.  For  thinner  ozone  columns,  the  drop  off  in  flux 
with  decreasing  wavelength  is  not  as  fast,  but  the  behavior  is  similar.  In  any 
event,  the  absolute  total  flux  in  the  region  of  Fig.  3.6  is  of  little  interest; 
rather,  what  is  desired  is  a weighted  flux,  recognizing  that  certain  wavelengths 
have  more  biological  effectiveness  than  others.  The  weighting  curve  usually 
used,  that  of  the  Commission  Internationale  de  l’Eclairage  [or  CIE,  see  Cutchis 
(1974)]  peaks  at  297.5  nm.  This  curve  is  known  as  the  erythemal  (reddening) 
efficiency  curve,  and  was  derived  by  determining  the  relative  effectiveness  of 
various* wavelengths  in  producing  detectable  reddening  (sunburn)  on  untanned  white 
Caucasians.  An  analytical  model  of  the  CIE  standard  (STD)  curve  is  given  in 
Fig*  3.7,  along  with  a curve  showing  the  absorption  spectrum  of  DNA.  The  assump- 
tion is  usually  made,  based  on  skin  cancer  induction  experiments  on  hairless 
mice,  that  the  erythemal  weighting  curve  can  also  be  used  as  a carcinogenic 
weighting  curve.  As  damage  due  to  ultraviolet  light  absorption  might  well  be 
associated  with  integrated  energy  absorption  by  DNA,  use  of  a DNA-absorption 
weighting  curve  might  be  preferable.  However,  as  is  evident  in  Fig.  3-7,  the 
DNA  absorption  curve  and  the  standard  erythema  curve,  over  the  important  295-320 
nm  range,  are  roughly  constant  in  ratio.  As  a result,  the  percentage  changes 
in  calculated  dose  with  changes  in  ozone  are  nearly  the  same  with  use  of  either 
weighting  curve.  Erythemally  weighted  UV  doses  are  sometimes  known  as  "sunBhlne 
units."  The  term  "damaging  UV,"  or  DUV,  for  weighted  flux  in  the  290  nm  to 
320  nm  region  was  used  in  halocarbon  effect  studies  (NAS,  1976,  1976a),  as  noted 
earlier. 

Changes  in  annual  integrated  erythemally  weighted  doses  for  various 
changes  in  ozone  have  been  computed  for  various  latitudes  by  Schulze  (1974),  with 
results  given  in  Fig.  3.8.  His  curves  are  perhaps  the  easiest  to  use  of  various 


curves,  but  suffer  in  detail  by  his  failure  to  include  radiation  received  below 
300  nm.  The  error  introduced  thereby  is  insignificant  for  small  changes  in 
ozone,  but  become  significant  at  large  changes.  Thus,  according  to  computations 
by  Cutchis  (1974),  the  erythemal  dose  at  0.341  atm-cm  and  with  a solar  angle  of 
30  deg  is  0.1385  units,  of  which  0.0085,  or  6 percent,  is  below  300  nm;  at  50 
percent  depletion,  however,  the  total  dose  is  0.4290  units,  of  which  0.0978  or 
23  percent  is  below  300  nm.  The  corresponding  ratios  of  sunsnine  units  are 
2.55,  ignoring  the  portion  below  300  nm,  and  3*10,  including  the  portion  below 
300  nm. 


Abnthme  der  Otonkonzentrvh'on  — *• 
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FIGURE  3.8.  Increase  of  "Carcinogenic"  Solar  UV  Radiation  with  Decrease 
of  Ozone  Concentration,  both  In  Percent.  Calculations  based 
on  annual  sums  of  Irradiation  from  sunrise  to  sunset. 

Source:  Schulze  (1974) 
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Values  developed  by  Schulze  (1974)  follow  for  a 10  percent  decrease  in 
ozone,  for  the  increase  in  "carcinogenic  UV." 

At  the  equatorial  zone  +18  percent 
At  middle  latitude  +19  percent 
At  the  north  and  south  poles  +27  percent 
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3.  COMESA  Studies  on  UV  Changes  with  Ozone  Reduction 

Studies  by  COMESA  (1975)  have  clarified  these  issues  further.  They 
showed  first  that  the  ratio  of  scattered  UV  to  direct  UV  is  dependent  only  on 
zenith  angle  and  wavelength,  and  not  on  ozone  amount.  This  greatly  simplifies 
the  computational  burden,  and  has  been  shown  to  be  satisfactory  by  detailed 
study.  Their  results,  which  are  Independent  of  ozone  amounts,  are  given  in 
Table  3.3.  It  should  be  noted  (Table  3.3)  that  the  ratios  developed  are,  in 
addition,  almost  independent  of  wavelength,  except  at  high  zenith  angles, 
supporting  an  assumption  made  by  Cutchis  (197*0. 

One  set  of  computations  by  COMESA  that  is  of  particular  interest, 
shows  the  sensitivity  of  the  change  in  erythemally  weighted  UV  (to  changes  in 
ozone)  to  uncertainties  in  the  absolute  spectral  location  of  the  erythemal 
efficiency  curve.  (See  Table  3-**.) 


TABLE  3.3.  RATIO  OF  DIFFUSE  TO  DIRECT  UV  PENETRATION 
SOURCE:  COMESA,  1975 


Zenl th  Angle  (deg)  , 
Wavelength 
Interval  (nm) 

0 

30 

60 

290.0  - 291.5 

0.76 

0.93 

4.76 

294.5  - 296.0 

0.82 

1.01 

4.30 

299.0  - 300.5 

0.85 

1.07 

3.90 

305.0  - 306.5 

0.90 

1.13 

3.56 

309.5  - 311.0 

0.93 

1.13 

3.16 

314.0  - 315.5 

0.93 

1.12 

2.89 

318.5  - 320.0 

0.90 

1.08 

2.64 

TABLE  3.4. 

ERYTHEMALLY  WEIGHTED  FLUX,  yW/cm2 
SOURCE:  COMESA,  1975 

Erythema! 

Zenith  Angle 

and  0,  Thickness 

nm  20  deg 

, 0,25  atm-cm 

60  deg,  0.4  atm-cm 

Ratio 

+1.5 

67.7 

0.31 

220 

0 

49.8 

0.18 

280 

-1.5 

35.7 

0.09 

400 

The  absolute  erythemally  weighted  flux  is  clearly  sensitive  to  the 
absolute  location  of  the  erythemal  weighting  curve.  Furthermore,  as  shown  by 
the  trend  in  the  ratios  (which  have  no  ov-her  significance),  the  calculated 
change  in  erythemally  weighted  dose  with  given  change  in  ozone  will  also  deoend 
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on  the  absolute  location  of  this  curve.  The  shape  of  the  curve  Itself  was  kept 
constant  In  these  calculations  but  Is  Itself  not  well  established. 

Latitudinal  effects  are  shown  In  three  COMESA  curves.  The  first  of 
these  (Pig.  3.9)  shows  the  percentage  change  in  sunburn  dally  dosage  (erythemally 
weighted  [IV  dose)  for  10  percent  ozone  change  as  a function  of  latitude  and 
season.  It  is  seen  that  the  percentage  changes  are  smallest  In  the  tropics  and 
largest  in  the  arctic  regions.  The  second  (Pig.  3. 10)  shows  the  absolute 
(weighted)  increase  in  Joules-cm-2  for  the  same  ozone  change.  The  second  curve 
(Pig.  3.10)  looks  quite  different  from  the  first,  the  change  in  flux  being  small 
in  the  arctic  and  large  in  the  tropics.  This  is,  of  course,  because  of  the  very 
rapid  change  in  yearly  sunburn  dosage  with  latitude,  as  shown  in  Pig.  3. 11,  on 
which  the  log  scale  should  be  noted. 


FIGURE  3.11.  Yearly  Sunburn  Dosage  (J/sq  cm) 
Source:  COMESA,  1975 
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It  will  be  seen  later  here  that  2-D  modeling  results  show  ozone  deple- 
tions due  to  SSTs  to  be  small  in  a percentage  sense  in  the  tropics,  but  increase 
toward  the  poles.  This  fact,  combined  with  trends  as  shown  in  Fig.  3.10  for  a 
constant  percentage  depletion,  suggests  a compensation  of  factors,  so  that  the 
absolute  increase  in  flux  may  tend  to  be  roughly  constant  over  a given  latitude 
band.  If  skin  cancer  incidence  can  be  tied  to  absolute  flux  values,  the  obser- 
vation might  simplify  the  making  of  estimates  of  skin  cancer  changes  due  to 
N0x  Injected  by  supersonic  aircraft. 

The  COMESA  analysis  (p.  399)  Indicates  that  for  a vertical  sun  a 10-per- 
cent  decrease  in  ozone  leads  to  a 16-percent  increase  in  erythemal  dosage.  For 
a 30-degree  zenith  angle,  they  find  20  percent  versus  23  percent  given  by 
Cutchis  (1974). 

The  variability  in  annual  erythemal  dosage  from  year  to  year  at  various 
stations  is  also  of  interest.  COMESA  gives  such  data  (p.  400)  showing  standard 
deviations  of  from  2.7  to  8.6  percent.  Figure  3-11  is  ^interpreted  by  COMESA  to 
show  that,  for  someone  living  at  50°  N,  a 20  percent  increase  in  UV  dosage  is 
equivalent  to  moving  to  47°  N,  300  km  south.  These  equivalences,  of  course, 
ignore  changes  in  life  style  with  latitude. 

COMESA  also  notes  the  importance  of  aerosols  and  clouds,  and  the  fact 
that  stratospheric  aerosols  from  aircraft  reduce  the  penetration  of  UV,  com- 
pensating somewhat  for  changes  due  to  changes  in  ozone.  They  note  that,  if 
other  factors  remain  constant,  the  change  in  erythemal  dosage  is  about  1.5 
times  the  change  in  ozone  at  low  latitudes,  increasing  up  to  about  three  times 
at  60°  N in  the  summer. 

C.  Weather  Effects 

I’enndorf  (1976)  brings  up  a point  of  considerable  interest  with 
regard  to  variability  of  ozone  with  weather.  He  quotes  data  which  show  the 
ozone  column  to  be  as  much  as  120  percent  of  the  mean  monthly  value  in  the  rear 
of  a moving  cyclone  and  as  little  as  70  percent  of  the  mean  value  west  of  an 
anticyclone.  Oood  weather  is  associated  with  such  periods  of  low  ozone,  a point 
which  could  be  important  in  computing  exposures  of  the  populace  to  damaging 
ultraviolet . 

3.3  THE  MODELING  PROBLEM  IN  GENERAL 
3.3.1  Introduction 

it  was  noted  in  Section  3*2.1  that,  if  one  is  interested  in  the  general 
problem  of  effects  of  high-altitude  aircraft,  subsonics  as  well  as  supersonics, 
the  chemistry  utilized  must  include  reactions  known  to  be  important  in  both  the 
troposphere  and  the  stratosphere.  It  also  follows  that  the  dynamics  of  the 
atmosphere  must  be  treated  more  carefully,  particularly  in  the  region  of  the 
tropopause.  This  is  because,  as  shown  in  Fig,  3*12,  aircraft  traffic,  in 
general,  is  concentrated  in  the  region  of  the  northern  tropopause  gap,  a 
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region  of  the  atmosphere  which  is  highly  variable  in  terms  of  tropopause  height, 
sometin.es  having  multiple,  folded  (or  no)  tropopauses;  this  region  is  also  the 
region  of  jet  streams  and  is  generally  complex  in  its  behavior  (see  Danielsen 
et  al. , CIAP  Monograph  1,  Chapter  6;  Downie,  CIAP  Monograph  2,  Chapter  7). 
Subsonic  aircraft  operating  in  this  region,  at  constant  altitude,  fly  sometimes 
above  and  sometimes  below  the  local  tropopause,  perhaps  on  subsequent  days. 
Downie  (CIAP  ROF,  p.  D-62)  gives  some  statistics  on  the  probability  that  an 
aircraft  at  a given  altitude  will  be  in  the  stratosphere  for  different  locales 
and  seasons;  the  probability  increases  in  the  winter  for  flight  farther  north. 
Supersonic  aircraft,  on  the  other  hand,  particularly  mach  2.7  aircraft  at  20  km, 
cruise  above  these  more  complex  regions,  well  into  the  stratosphere,  reducing 
somewhat  the  uncertainties  associated  with  transport  of  their  exhaust  products. 

In  order  to  determine  the  effects  of  added  pollutants  on  ozone,  one  must 
first  develop  a model  of  the  natural  or  unperturbed  atmosphere  which  "credibly" 
reproduces  certain  observed  characteristics  of  the  real  atmosphere,  including 
natural  sources  of  sinks  of  critical  trace  species.  Perturbing  sources  (pollu- 
tants) are  then  introduced  into  the  model,  and  the  perturbed  atmosphere  compared 
to  the  natural  atmosphere.  Philosophically,  of  course,  there  is  no  proof  that 
this  process  is  valid,  since  many  degrees  of  freedom  exist  in  the  modeling 
process;  there  is  thus  great  interest  in  comparing  observed  effects  of  known 
perturbations  (as,  for  example,  from  nuclear  weapons  tests)  to  model-predicted 
behavior.  Unfortunately,  this  process  also  is  faced  with  substantial  difficul- 
ties, as  shall  be  discussed  later  in  this  section. 

The  real  atmosphere  is  far  too  complex  to  attempt  to  include  its  known 
behavior  in  any  model,  and  various  simplified  models  are  used;  these  include 
1-D  (one  dimension,  height  only),  a 2-D  (two  dimensions,  height  and  latitude), 
and  3-D  (three  dimensions,  height,  latitude,  and  longitude)  representations. 

The  computing  time  for  these  approaches  varies  with  the  complexities  introduced, 
but  generally  increases  rapidly  with  the  number  of  dimensions  used. 

Models  can  be  t '.me-dependent  or  steady-state  approximations  and  can 
approximate  the  chemistry  involved  with  a widely  varying  number  of  reactions 
and  elements.  Order-of-magnitude  computing  times  run  from  1 minute  for  a 1-D 
(fixed  solar  zenith  angle)  run,  to  2 hours  for  a 2-D  run  (at  20  minutes  per 
model  year),  to  perhaps  20  hours  in  a 3-D  run,  in  all  cases  using  a high-speed 
computer  such  as  the  CDC-7600  or  IBM-360/95.  These  times  are  quoted  for  models 
with  increasingly  simplified  chemistry  with  increases  in  dimensionality.  1-D 
models  with  fixed  solar  zenith  angles  also  have  the  advantage  of  rapid  con- 
vergence (with  simulated  times  of  100  to  300  years)  to  a suitable  number  of 
decimal  places,  whereas  in  higher  dimensionality  models,  the  computed  results 
do  not  necessarily  ever  repeat  precisely  from  year  to  year,  so  that  comparison 
of  "natural"  and  "perturbed"  atmospheres  requires  careful  procedures  (see 


Appendix  A).  1-D  models  have  also  been  run  with  diurnally  and  seasonally 

varying  solar  zenith  angles,  which  then  involve  long  computational  times  and 
difficulties  in  convergence  (and  interpretation,  as  the  computed  ozone  column 
is  out  of  phase  in  a seasonal  sense  with  measured  values).  1-D  models  cannot 
include  (or  to  date  have  not  included)  seasonally  varying  dynamics  and  tropo- 
pause  heights,  etc. 

The  mathematics,  physics,  and  philosophy  behind  these  different  modeling 
approaches  is  discussed  at  length  in  Monograph  3 of  the  CIAP  Series,  and  in 
briefer  form  in  Appendix  E of  the  CIAP  Report  of  Findings.  The  philosophy 
behind  1-D  modeling  is  discussed  by  Hunten  (1975);  limitations  were  noted  by 
Mahlman  at  the  4th  CIAP  Conference,  February  4-7,  1975*  Discussions  are  also 
given  in  the  COMESA  report  (1975).  No  attempt  will  be  made  to  repeat  these 
treatments.  What  follows  is  a brief  discussion  of  these  approaches,  with 
emphasis  on  some  of  their  characteristics  and  limitations.  As  1-D  models  have 
been  used  most  widely,  these  are  discussed  at  greatest  length. 

3.3.2  1-D  Models 

The  fundamental  assumption  in  1-D  modeling  is  that  for  a given 
species,  at  a given  altitude,  in  the  absence  of  sources  or  sinks,  the 
globally  averaged  mixing  ratio  gradient  controls  the  globally  averaged 

vertical  flux,  according  to:  ^ _ k n 3f 

z 3z 

-2  -1 

where  $ * flux,  mol-cm  -sec 

Kz  » "eddy  diffusivity"  coefficient,  nn^sec'1 
n * air  density,  mol-v.n” J 

f ■ mixing  ratio  of  species  being  considered,  (mol/mol) 
z * altitude,  cm  (but  quoted  in  km) 

K , in  this  formulation,  is  a function  of  altitude,  the  relationship  with 
altitude  forming  a "K_  profile."  The  same  value  of  K is  assumed  to  apply  to 
all  trace  species. 

A large  number  of  K„  profiles  have  been  used,  six  of  which  are  shewn  In 
Fig.  3.13.  Typically,  a large  Kz  value  is  used  in  the  troposphere  up  to  a 
model  tropopau3e  at  10  to  16  km,  at  which  Kz  drops  abruptly  by  one  or  two 
orders  of  magnitude  and  after  which,  K_  increases  with  altitude.  The  Chang/1974 
(upper  figure)  K_  is  unique  in  that  minimum  K is  at  30  km;  the  profile  was 
revised  following  studies  by  Dickinson  (NAS,  1976a)  in  the  chlorof luoromethane 
work  to  give  the  "New  Chang"  or  Chang/1976  (lower  figure)  K_  profile,  in  which 
minimum  Kz  is  found  at  about  21  km.  The  Chang/1974  and  Hunten/1974  Kz  profiles 
played  important  roles  in  the  CIAP  Report  cf  Findings.  (See  Section  3.4.) 
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Note  that  because  modelers  tend  periodically  to  revise  their  preferred  K 
profile,  a date  or  reference  should  be  given  along  with  any  model  profile 
described  by  name. 

It  should  be  noted  that  some  authors  contend  that  their  1-D  models  represent 

mid-latitude  conditions,  rather  than  global  or  hemispheric  average  conditions. 

Mahlman  at  the  4th  CIAP  Conference,  February  4-7,  1975,  however,  considers  the 

interpretation  of  1-D  model  results  to  be  fundamentally  ambiguous.  Also,  as 

different  tracers  have  different  sources  and  different  sinks,  K in  principle 

z 

and  as  computed  from  3-D  models  (see  Section  3.4.2  this  report)  may  vary  widely 
for  different  tracers,  and  can  include  negative  values.  Nevertheless , 2-D 
models  have  similar  conceptual  limitations  (see  Section  B below),  and  3-D 
models  are,  as  noted  earlier,  computer-limited;  much  work  has  thus  been  done 
with  1-D  models. 

Several  aspects  of  1-D  profiles  control  the  computed  effects  of  aircraft 
perturbations.  The  sink  for  N0X  is  primarily  in  the  lower  troposphere  (at  or 
near  the  ground,  with  rainout)  as  the  high-altitude  photolysis  sink  is  of  only 
moderate  significance  (see  Section  3*4.3?);  at  steady  state  there  is  essentially 
no  upward  flux.  Thus,  pollutants,  introduced  continuously,  must  in  a model 
sense  "diffuse"  from  the  altitude  of  injection  to  the  ground,  at  a rate  equal 
to  the  injection  rate.  The  resistance  to  diffusion  and,  hence,  the  mixing  ratio 
gradient  required  to  transport  material  at  steady  state,  is  proportional  to  the 
reciprocal  of  the  product  of  Kz  and  air  density  at  each  altitude.  The  overall 
gradient  between  the  point  of  injection  and  the  ground  (and  thus  the  degree  of 
contamination  above  the  injection  altitude  at  steady  state)  depends  on  the 
integrated  resistance.  The  integrated  resistance  for  a source  above  the  tropo- 
pause  depends  on  the  tropopause  height  (and  "thickness"),  and  on  the  minimum 
value  of  K?  below  the  altitude  of  injection.  It  is  evident,  therefore,  that  a 
source  (see  Fig.  3.13)  at  15  km,  above  the  Hunten  tropopause  but  below  the 
McElroy  tropopause,  would  show  vastly  different  effects  with  the  two  profiles. 
Similarly,  a steady  source  at  20  km  would  show  far  less  effect  with  either 
Chang  profile  (1974  or  1976)  than  with  the  Hunten  profile. 

K profiles  have  been  deduced  in  various  ways:  The  Chang/1974  K_  profile 

z z 

(see  CIAP  Monograph  3,  p.  4-199)  was  developed  from  heat  transport  and 
particulate  tracer  data.*  However,  the  preferred  technique  now  appears  to  be  to 
rely  on  measured  changes  in  concentration  of  a reactive  tracer  with  altitude, 
in  particular,  for  upper  altitudes,  methane,  and,  to  a lesser  extent,  NjO.  The 
techniques  used  and  the  uncertainties  involved  are  discussed  by  R.  Dickinson 
in  the  NAS  report  (1976a,  Appendix  B).  The  methane  data  are  sparse,  and 
available  principally  at  one  latitude  (32°  N).  The  technique  used  involves 
Inversion  of  the  measured  concentration  data  to  obtain  an  effective  Kz  between 
layers,  assuming  the  concentrations  of  species  which  react  with  methane 
(OH,  01D,  and  Cl)  are  known  as  well  as  the  rates  of  reactions  involved. 

•An  alternative  technique,  based  on  aerosol  data,  is  given  by  Rosen  and 
Hofmann  (1975). 
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Some  of  the  necessary  species  concentrations  can  be  estimated  from  measure- 
ments (H20,  0g,  HC1,  CIO),  if  such  data  exist  and  appropriate  global  averages 
can  be  deduced;  other  reactive  species  data  (Cl,  0*D,  OH)  can  be  computed 
assuming  photochemical  equilibrium,  using  known  rate  constraints,  and  model- 
computed  photon  fluxes.  As  the  rate  of  destruction  of  methane  at  any  altitude 
depends  on  its  concentration,  and  on  concentrations  of  and  rates  of  reaction 
with  reactive  species,  there  is  a clear  coupling  between  the  concentrations  of 

various  species,  and  photon  fluxes,  chemistry,  and  the  dynamics  (K_)  generated. 

z 

If  the  process  were  carried  through  iteratively  to  fit  a specified  methane 
profile,  a consistent  data  set  would  result,  although  this  has  generally  net 
been  done.  In  any  event,  a question  exists  to  what  extent  it  is  proper  to 
decouple  the  process  and  use  the  K_  profile  (generated  with  one  set  of  chemistry, 
etc.)  to  explore  effects  of  changes  in  chemical  reaction  rates  or  of  changes  in 
the  radiative  transport  treatments,  such  as  including  multiple  scattering,  etc. 

This  question  would  not  apply  if  the  Kz  profile  could  be  developed  from  "true" 
transport  data. 

It  should  be  noted  also  that  different  tracers  such  as  CH^  and  N^O,  do 

not  lead  to  identical  K„  profiles.  This  is  shown  by  Dickinson  (Appendix  B, 

z 

NAS  report,  1976a).  Furthermore,  the  available  methane  data  lead  to  serious 
matching  problems  (that  is,  K values  show  erratic  behavior)  in  the  20-km  to 
30-km  region. 

The  critical  low-altitude  portion  of  the  K_  profile,  near  the  tropopause, 

Z 

cannot  be  obtained  satisfactorily  from  methane  profiles,  as  methane  lifetime  is 
too  long  at  these  altitudes.  The  tropopause  height  assignment  is  somewhat 
arbitrary,  dependent  on  the  problem  being  considered.  Thus,  Hunten  (NAS,  1975) 
used  14  km  (but,  in  effect,  recommended  12  km  for  typical  flight  regions); 

Dickinson  (NAS,  1976a)  used  15  km,  and  McElroy  et  al. , (1974)  used  16  km. 

The  assigned  minimum  in  the  K„  profile,  and  the  thickness  of  the  tropopause 

region,  are  also  somewhat  subjective  but  can  be  tested  by  studies  of  the  rate 

at  which  a tracer  is  removed  from  the  stratosphere.  Carbon-l4  data  were  so  used 

in  NAS,  1975  to  argue  for  the  Hunten/1974  profile,  as  discussed  in  Section 

3.6.  A study  is  included  here  (Appendix  C)  of  the  behavior  of  zirc.onium-95, 

which  was  Injected  a c 40°  N at  an  altitude  of  about  18  km,  and  thus  is  of  : 

particular  interest  to  the  Concorde  SST  problem.  Results  are  given  in  Section 

3.6;  it  is  noted  that  eddy  diffusivity  value  assignments  and  tropopause  height 

assignments  are  necessarily  coupled  if  tracer  removal  behavior  is  being  considered. 

For  a K,  profile  with  a sharply  defined  tropopause,  such  as  the  Hunten 
profile,  the  relative  position  of  the  aircraft  and  tropopause  is  of  crucial  ; 

1 

importance  in  determining  computed  effects.  Where  the  aircraft  is  known  to  be 
above  the  tropopause  only  some  fraction  of  the  time,  an  averaging  problem  exists 

i 

i 
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which  has  been  ignored  to  date.  A seasonally  varying  K„  profile  could,  in 
principle,  be  developed,  but  it  is  not  obvious  how  the  necessary  input  data  could 
be  obtained,  nor  what  the  results  might  mean. 

As  noted  earlier,  in  developing  1-D  models  of  the  natural  atmosphere, 
tracer  profiles  of  various  trace  species  are  given,  such  as  ozone,  nitrogen 
oxides,  HNO^,  etc.,  and  compared  to  available  measurements,  which  usually  show 
wide  variations  and  are  not  claimed  to  be  global  averages.  One  important 
tracer,  however,  namely  water  vapor,  on  which  a great  amount  of  (not  very 
reliable)  data  exist,  is  normally  excluded;  water  vapor  is  normally  put  into 
these  models  as  a fixed  or  known  species  rather  than  as  a computed  quantity.  A 
simple  reason  is  that,  with  normally  assigned  tropopause  temperatures,  far  too 
much  water  vapor  would  be  present  in  the  stratosphere  if  saturation  at  the 
tropopause  is  assumed.  (The  *)5°  N July  standard  atmosphere  tropopause  is  at 
-57.5°  C at  177.8  mb,  for  which  saturation  water  vapor  partial  pressure  would 
be  53  ppm.)  The  beha/ior  of  water  vapor  is  not  well  undei stood,  although 
measured  data  (which  vary  widely)  can  be  reproduced  empirically  in  reasonable 
fashion  in  2-D  models.  A significant  fraction  of  the  stratospheric  water  vapor 
comes  from  methane  oxidation.  Because  water  vapor  is  an  important  component  of 
aircraft  exhaust,  and  affects  the  chemistry  involved,  it  becomes  important  to 
understand  its  effects,  particularly  if  N0x  emission  indices  are  reduced. 

Water  vapor  is  also  an  important  tracer  of  atmospheric  motion.  (The  question 
has  been  asked,  if  mid-latitude  water  vapor  does  not  rise,  why  should  N0X  from 
aircraft?)  A model  used  by  Hunt  ( 197 4 ) in  studying  stratospheric  moisture 
(Pig.  3.1*0  is  illustrative  in  this  regard.  Water  vapor  changes  can  be  incor- 
porated, but  only  crudely,  in  1-D  models,  based  on  residence  time  considerations, 
mixing  ratio  enhancements,  or  by  ratioing  to  augmentations  in  nitrogen  oxides, 
etc . 

The  dryness  of  the  stratosphere  is  usually  explained  by  arguing  that 
stratospheric  air  must,  in  large  part,  have  entered  the  stratosphere  where  the 
cold  tropical  tropopause  "traps  out"  water.  Hunt  (197*0  appears  to  dispute 
this,  but  the  calculated  net  fluxes  are  very  sensitive  to  modeling  assumptions, 
for  example,  whether  the  tropical  tropopause  is  at  190  K as  used  by  Hunt,  or 
193.15  K as  given  in  the  1966  model  atmosphere  (15°  N),  over  which  range  the 
saturation  vapor  pressure  of  ice  varies  by  almost  a factor  of  2.  Harries  (1976) 
makes  the  same  point  in  a careful  review  of  water  data.  These  matters  need 
further  investigation  if  the  effects  of  aircraft  water  vapor  are  to  be  under- 
stood. 
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FIGURE  3.14.  Schematic  Diagram  Indicating  Water  Vapor  Fluxes  both  Into 
and  In  the  Model  Stratosphere.  The  full  lines  represent 
the  large-scale  eddies,  both  vertical  and  horizontal,  while 
the  dashed  lines  represent  the  mean  meridional  circulations. 
The  tropopause  Is  shown  by  the  hatched  areas. 

Source:  Hunt,  1974 


Another  point  should  be  noted  with  regard  to  the  applicability  of  1-D 
models  to  the  aircraft  problem  as  compared  to  the  halocarbon  problem.  The 
halocarbons  are  released  at  the  surface,  dispersed  worldwide  in  the  troposphere, 
and  destroyed  by  photolysis  in  the  high  stratosphere.  Their  degradation  prod- 
ucts are,  of  course,  eventually  removed  in  the  troposphere  and  the  details  of 
the  downward  transport  problem  become  of  interest;  however,  the  details  of  the 
upward  transport  process,  whetner  ~r  how  often  the  materials  are  recycled  to 
the  troposphere,  would  seem  to  be  of  little  interest.  Aircraft  sources,  on  the 
other  hand,  are  released  at  altitude  in  a relatively  concentrated  region  of  the 
earth's  atmosphere;  the  materials  so  released  are  not  significantly  destroyed 
in  the  stratosphere,  but  have  a short  lifetime  in  the  troposphere.  The  effects 
on  the  ozone  layer  depend  on  the  degree  of  contamination  of  the  mid-stratosphere 
and  this,  in  turn,  depends  on  the  rapidity  with  which  the  pollutants  enter  the 
troposphere,  a process  which  varies  with  latitude,  and  on  the  rate  of  removal 
of  the  materials  once  they  have  entered  the  troposphere.  Details  of  the 
stratospheric-tropospheric  interchange  processes,  as  well  as  the  removal  rates 
used  (the  "rainout"  coefficients)  become  important.  Two-dimensional  model 
results  for  20-km  injections  nave  shown  a sensitivity  to  rainout  coefficient 
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(Section  3.4.2)  and  relative  effects  will  be  expected  to  be  greater  at  lower 
altitudes.  For  these  reasons,  as  well  as  questions  resulting  from  seasonal 
variations  in  tropopause  height  and  dynamics  as  noted  earlier,  1-D  models, 
which  may  be  appropriate  for  halocarbon  studies,  seem  less  appropriate  than 

2- D  models  for  quantitative  evaluation  of  aircraft  effects. 

3.3.3  2-D  Models 

Two-dimensional  models,  in  which  zonal^rather  than  global  (or  perhaps 
hemispheric)  averages  are  used,  are,  like  1^  models,  strictly  empirical  and 
obviously  require  a great  deal  more  input  data  than  do  1-D  models.  Such  models 
can  be  purely  diffusive  (but  in  two  dimensions),  characterizing  all  motions  in 
terms  of  eddy  diffusion  coefficients,  or  can  include  mean  motions.  The 
difficulties  in  obtaining  good  input  data  to  describe  the  motions  involved  have 
led  to  criticism  of  such  models  (see  NAS,  1975,  p.  113,  for  example).  However, 
a great  deal  of  tracer  data  do  exist,  in  .2-D  and  seasonal  array,  which  can  be 
applied  in  the  development  of  such  models  without  arbitrarily  collapsing  to 
1-D  behavior;  much  of  the  mot-ion  data  are  completely  decoupled  from  the  chemistry. 
There  are  still  difficulties  in  that  mean  motions  are  highly  correlated  with 
eddy  transports,  so  that  mean  and  eddy  motions  tend  to  cancel  (see  CIAP  Mono- 
graph 1,  Chapter  6;  also  CIAP  Monograph  3,  Chapter  4).  Nevertheless,  as  noted 
earlier,  such  models  can  empirically  incorporate  seasonally  varying  tropopause 
heights,  seasonally  varying  dynamics,  and  water  vapor,  all  of  which  are  essential 
to  the  aircraft  problem.  As  noted  earlier,  the  computer  time  required  for  2-D 
models  13  far  greater  (perhaps  100-fold)  than  for  1-D  models,  particularly 
because  there  is  no  known  means  to  take  increasingly  large  time  steps,  as  is 
done  in  1-D  models,  because  all  values  in  the  computation  change  seasonally  or 
continuously,  and  year-by-year  computations  must  be  continued  until  suitably 
close  to  equilibrium. 

3.3.4  3-D  Models 

Three-dimensional  (3-D)  models,  which  give  longitudinal  as  well  as 
latitudinal  effects,  will  ultimately  be  needed.  These  models  have  major 
theoretical  advantages  over  2-D  models  in  terms  of  large-scale  dynamics,  but 
are  seriously  computer-limited  in  terms  of  including  both  adequate  chemistry, 
radiative  transport,  and  dynamics  (see  CIAP  Monograph  3).  Three-dimensional 
modeling  efforts  were  undertaken  under  CIAP  sponsorship  at  MIT  (Cunnold  and 
Alyea  1975,  Alyea,  et  al. , 1977;  also  CIAP  ROF , 1979,  pp.  E-78  to  E-88).  The 
model  was  only  partly  developed  at  the  end  of  CIAP,  at  which  time  it  incorpo- 
rated elements  of  1-D  (subgrid  vertical  transport),  2-D  (NOg  distribution),  and 

3- D  (ozone  distribution)  models.  Results  on  ozone  depletion  of  SST  sources 
were  reported  on  a 2-D  basis.  Results  are  given  in  Section  3.4.2. 
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Three-dimensional  models  would  appear  to  be  of  particular  interest  for  s*-udy 
of  the  effects  of  subsonic  aircraft  because  of  questions  relating  to  the  unifor- 
mity of  effects  around  a latitude  zone  in  the  troposphere  (2-D  models  give  only 
a zonal  average).  No  studies  of  such  source  have  been  made  in  a 3-D  model. 

Some  preliminary  consideration  of  this  question  is  given  in  Section  3*5. 

3.3.5  A Further  Caveat 

One  further  caveat  should  be  noted  before  giving  results  of  various  models. 
That  is  that  both  fleet  sizes  and  stratospheric  composition  will  change  with 
time,  but  not  in  predictable  fashion.  It  has  been  noted  that  halogens,  for 
example,  will  increase  in  the  stratosphere  over  the  next  decade  or  more  if  for 
no  other  reason  than  due  to  the  large  present  reservoir  in  the  troposphere. 

Water  vapor  also  changes  with  time,  for  reasons  that  are  not  understood.  Effects 
on  ozone  of  added  water  and  N0X  will  depend  on  the  chlorine,  and  background 
N0X  water,  contents.  Also,  changes  in  composition  (N02,  H^O,  CH^,  particulates, 
ozone)  all  affect  stratospheric  temperatures,  changes  in  which  affect  strato- 
spheric ozone.  For  the  most  part,  however,  with  the  doubtful  exception  of  the 
CC>2  and  halogen  contents,  any  prognoses  are  too  speculative  to  be  of  value, 
and  have  been  ignored  herein. 

Results  of  various  modeling  exercises  follow,  arranged  largely  chronogically . 
Changes  with  time  have  come  about  due  largely  to  changes  in  preferred  rate 
coefficients,  which  have  a considerable  effect  on  the  results,  and  to  inclusion 
of  more  complex  chemistry.  For  example,  as  indicated  in  Table  3.1  and  as  shown 
in  Section  3.^.6,  the  rate  of  one  particular  reaction  rate 

OH  + H02  H20  + 02 

has  a strong  effect  on  computed  ozone  depletion  by  SSTs.  In  the  CIAP  and  NAS 

_ n Q 0 

(1975)  studies,  a value  of  2 x 10  * cm  /sec  was  used;  in  halocarbon  studies, 
a value  of  2 x 10-^  cmVsec  was  preferred,  based  on  newer  data  and  reevaluations. 
This  change,  if  adopted,  reduces  the  ozone-destroying  effects  of  SSTs  by  some 
60  percent  (at  17  km).  Also,  important  interactions  exist  between  the  NOx  and 
C10x  cycles,  which  have  only  recently  been  recognized.  And,  as  noted  several 
times,  CIAP  and  other  studies  in  the  CIAP  time  frame  did  not  include  methane 
oxidation  (smog)  ozone-producing  reactions  or  the  effects  of  chlorine.  Neverthe- 
less, for  completeness,  all  these  results  are  included  in  the  following. 
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3.4  RESULTS  OF  VARIOUS  MODELING  STUDIES 
3.4.1  CIAP,  1974,  and  NAS,  1975  Results 


A.  1 -D  Model s 

The  work  of  two  investigators,  Chang  (see  CIAP  Monograph  3)  and 
Hunten  (see  Hunten,  1975;  also  NAS,  1975),  dominated  conclusions  drawn  by 
CIAP  in  the  PDF;  only  Hunten's  work  was  accepted  in  the  NAS  report  (1975) • 

The  CIAP  results  were  based  on  an  arithmetic  average  of  the  Hunten  and 
Chang  results.  Discussion  of  the  Hunten  and  the  Chang  models  follows. 

Hunten  (1975)  first  derived  a Kz  profile,  based  on  methane  life- 
times and  boundary  flux  estimates  for  the  upper  portion  of  his  model  atmo- 
sphere and  other  considerations  for  the  tropopause  portion;  his  K„  results 
were  shown  in  Fig.  3-13*  The  lifetime  estimates  for  CH^  were  based  on  OH 
and  O^D  estimates  from  Wofsy  and  McElroy  (1973),  using  then-current  chemistry, 

adjusted  to  account  for  night-day  effects.  No  attempt  to  "close"  the  K - 

z 

chemistry  iterative  loop  was  made  (see  Chang,  4th  CIAP  Conference, 

February  4-7,  1975). 

The  rather  slow  vertical  exchange  implied  by  the  Hunten  1974  K 

z 

profile  near  the  tropopause  was  argued  to  be  consistent  with  the  known  rate 
at  which  excess  carbon-14,  produced  by  nuclear  weapons  tests,  had  been 
observed  to  leave  the  stratosphere  (see  NAS/CIC,  pp.  146-149,  also  Johnston, 
et  al,  1975).  The  validity  of  this  has  been  questioned  (Chang,  4th  CIAP  Confer- 
ence, 1975);  the  point  is  further  discussed  in  Section  3.6. 

In  developing  the  Hunten  model,  no  new  computer  runs  were  made. 

Rather,  the  assumption  was  made,  based  on  McElroy  et  el.,  (1974)  that,  in 
the  absence  of  stratospheric  sinks  (MO  photolysis  was  neglected),  the  aug- 
mented mixing  ratio  of  NOy  (NO  + NO^  + HNO^)  above  the  point  of  injection 

would  be  constant,  and  dependent  only  on  the  K profile  below  the  point  of 

z 

injection;  an  injection  coefficient  was  derived  to  determine  this  augmented 
mixing  ratio  (see  Appendix  D,  this  report),  and  ozone  depletions  were 
estimated  by  using  the  ozone  depletion  results  of  McElroy  et  al.,  (1974), 
including  a thermal  feedback  effect  (which  did  not  include  effects  of 
added  N02  or  H20),  The  temperature-feedback-corrected  results  showed 
smaller  depletions  than  did  the  isothermal  results.  The  model  also  in- 
cluded an  approximation  rather  than  a full  modeling  approach  to  estimate 
effects  below  about  28  km.  The  McElroy  et  al.,  (1974)  depletions,  as  cor- 
related by  Hunten,  are  smaller  than  predicted  using  CIAP  chemistry  and  the 
Hunten  K,  profile  (see  NAS,  1975,  p.  145). 

z 

Hunten  (1975),  (also  NAS,  1975,  pp . 110-119)  gives  the  following 
formulae  from  which  injection  coefficients  and  ozone  depletions  can  be 
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calculated,  based  on  the  Hunten  Kz  profile. 


a ■ C(e  - D) 


where 

— 17  P 

a Is  the  injection  coefficient  (10  cm'-sec) 
2 is  flight  altitude  (adjusted) 
and  the  other  symbols  have  numerical  values  as  follows: 


Height , 
km 

, km 

Hp , km 

C 

D 

0-10 

10 

6.2 

0.087 

0 

10  - l*t 

10 

6.2 

0.29 

0.70 

1**  up 

1** 

18.1 

16.7 

0.979 

Given  a,  the  pollutant  mixing  ratio  above  the  altitude  of  injection, 
X,  is  obtained  by 


X - aQ 

2 

where  Q is  in  mol/cm  -sec.  Hunten  uses  the  area  of  a hemisphere  (2.55  x 
101®  cm2)  in  calculating  Q. 


Given  x>  converted  to  ppbv,  Hunten  turned  to  McElroy  et  al.,  (197*0 
to  obtain  ozone  depletions  using  his  correlation  of  McElroy 's  results  for 
the  temperature-corrected  case,  obtaining,,  as  shown  in  Fig.  3.15,  the 
formula 

6h  - 1 . **05  X - 0.0105  X2 


where  6^  is  the  percentage  ozone  depletion  by  the  Hunten  formulae. 

As  noted  earlier,  because  McElroy  et  al.  ignored  the  compensating 
temperature  effects  of  N02  (and  any  effects  of  H^O),  the  temperature-cor- 
rected case  may  understate  effects.  McElroy' s isothermal  case  is  also  shown 
on  Fig.  3.15,  and  the  results  correlated,  giving 

«I30  ■ 1-91  X - 0.0305  X2  • 

Hunten  considered  his  Kz  profile  with  a l*J-km  tropopause  to  be 
associated  with  32°  N,  the  latitude  at  which  the  CH^  data  were  taken.  For 
traffic  at  higher  latitudes,  he  recommended  use  of  his  model  with  aircraft 
traffic  shifted  upwards  in  altitude,  the  argument  being  that  contaminants 
mix  along  a surface  parallel  to  the  mean  tropopause.  In  particular,  for 
typical  traffic,  which  he  took  to  be  at  **0°  N,  he  recommended  2-km  flight 
altitude  adjustments.  At  flight  altitudes  near  the  model  tropopause,  this 
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has  a very  large  effect  on  calculated  ozone  depletions  (6-fold  at  12-km  true 
flight  altitude). 

Values  of  ozone  depletion  computed  via  the  Hunten  procedure  are 

O 

given  in  Table  3.5,  for  an  assumed  10  kg/yr  N0„  injection.  As  a point  of 
8 x 

reference,  10  kg/yr  N0X  corresponds  to  about  159  Concordes,  or  256  advanced 
subsonics,  based  on  the  numbers  used  in  the  NAS  (1975)  report  (p.  29), 


TABLE  3.5  OZONE  DEPLETIONS  (HEMISPHERIC,  PERCENT)  WITH  INJECTION  OF 
1G8  kg/yr  N0X  (as  NOg ) AT  ABOUT  40°N,  HUNTEN  MODEL* 


Altitude 

-17  2 

10  cm  sec 

^Hunten 

6Iso** 

True 

Adjusted 

a 

Y - PPbv 

1.405  v - 0.0105  y2 

1.91  y - 0.0305  y2 

9 

11 

0.1378 

0.0224 

0.032 

0.043 

12 

14 

0.3507 

0.0570 

0.080 

0.109 

13 

15 

1.318 

0.2142 

0.301 

0.408 

14 

16 

2.302 

0.3741 

0.524 

0.710 

17 

19 

5.664 

0.9204 

1.284 

1.732 

20 

22 

9.633 

1.5654 

2.174 

2.915 

23 

25 

14.316 

2.326 

3.211 

4.278 

♦Treated  In  the  CIAP  Report  of  Flndlnqs  as  equal  to  the  changes  In  the  principal 
traffic  "corridor." 

**Not  part  of  the  Hunten  model. 


Note  that  the  Hunten  formulae,  as  used  here,  are  for  a fleet  at  t 
about  40°  N.  The  computed  depletions  are  for  the  hemisphere;  no  mention  is  ^ 
made  of  global  average  values.  In  CIAP  2-D  studies  (see  Section  B following),  .j 
it  was  found  that  a value  about  twice  the  global  average  represented  a i 
"corridor  value";  i.e.,  the  depletion  to  be  expected  in  the  30°  N-60°  N f 

'it 

region  due  to  heavy  traffic  in  that  region.  The  hemispheric  average  was  “ 
somewhat  less  than  the  corridor  value.  Thus,  In  the  CIAP  ROF,  the  Hunten  3 
"hemisphere"  effect,  as  calculated,  was  treated  as  the  "corridor"  effect;  ? 
this  same  procedure  is  used  here.  j 


Chang's  extensive  computational  results  on  0^  reduction  which  were  i 
performed  in  1973  were  correlated  in  the  CIAP  ROF  (p.  B-19),  using  a simple  ( 
least-squares  fit,  according  to  the  formulation,  j 

<5  = a Xb  ! 


to  give  values  for  a and  b at  specified  flight  altitudes.*  The  results, 
however,  were  heavily  influenced  by  cases  for  large  ozone  depletions.  For 
cases  involving  low  values  of  depletion,  consistent  with  HAPP  guideline s, 
it  seems  more  reasonable  to  fit  Chang's  act  si  results,  at  Injections  of 
0.124  and  1.24  (x  10^)  kg  NOj/yr,  giving  values  as  in  Table  3.6. 

Ozone  depletions,  using  these  formulas,  are  given  in  Table  3.7, 

Q 

using  2 x 10  kg/yr  as  an  input  global  value,  to  give  corridor  values  cor- 

0 — 
responding  to  1 x 10  kg/yr  injection  (for  consistency  with  the  HUnten 

formulas)  and  CIAP  procedures. 

As  noted,  the  CIAP  Report  of  Findings  took  a numerical  average  of 
the  Hunten  and  Chang  results.  Following  that  approach,  the  values  shown  in 
Table  3.8  would  be  found. 

Note  that  the  largest  differences  between  the  two  models  lies  in 
the  13-  to  14-km  region.  This  shows  the  powerful  effect  of  the  Hunten  2-km 
adjustment  assumption  on  the  effects  of  subsonic  aircraft.  In  effect,  this 
assumption  puts  all  aircraft  operating  at  12  km  or  higher,  above  a sharp 
tropopause,  on  a continuous  basis. 

6 . Higher  Dimensionality  Model  Results 

During  CIAP,  much  was  learned  about  the  general  behavior  of  a 
precipitation-scavengeable  pollutant  introduced  into  the  stratosphere 
through  application  of  Mahlman's  3-D  GCM  (General  Circulation  Model)  (see 
CIAP  ROF , pp.  E-90  to  E-93).  These  data  showed,  for  example,  the  buildup 
of  pollutant  with  time  as  a function  of  latitude,  for  20-km  injection  at 
30°  N,  and  were  utilized  in  estimating  hemispheric  distribution  of  pol- 
lutants at  steady  state.  In  addition,  Mahlman  at  the  4th  CIAF  Conference  (1975) 
showed  some  of  the  limitations  of  1-D  modeling,  if  treated  in  terms  of  global 
average  gradients,  fluxes,  and  implied  Kz  values  for  different  tracers.  Some 
information  similar  to  this  is  given  in  Section  3.2.3.  In  addition,  preliminary 
runs  were  made  with  fixed  dynamics  (constant  October)  2-P  model  from  Aerospace 
(George  Widhopf);  Rao-Vupputurl  and  Hesstvedt  also  presented  results  for 
steady-state  conditions  (see  CIAP  ROF,  pp.  E-62  to  E-72).  Of  these  models, 
the  furthest  advanced  at  the  time  of  CIAP's  completion  appeared  to  be  the 
MIT  model  (Alyea,  Cunnold,  Prinn,  ROF,  1975,  pp.  E-78  to  E-88). 

Four  runs,  three  perturbed  atmosphere  cases,  and  one  natural  atmos- 
phere case,  have  been  reported  by  the  MIT  group.**  The  three  perturbed 

•See  also  CIAP  Monograph  3,  pp.  4-170  to  4-172  for  alternative 
correlation  procedures  and  other  discussion. 

**The  fourth  run  was  analyzed  by  MIT  after  CIAP  completion 
and  reported  in  their  contract  final  report.  See  Cunnold  and 
Alyea  (1975),  and  Cunnold  et  al.  (1977). 
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TABLE  3. 

.6  DATA  AND  CORRELATIONS 
PERCENT)  WITH  DERIVED 
1974) 

FOR  OZONE  DEPLETIONS  (GLOBAL  AVERAGE 
COEFFICIENTS,  CHANG  MODEL  (CIAP  RDF, 

Altitude. 

km 

N0X  Rate,  kg/yr  (x) 

Coefficients, 

6 * ayb 

1.24  x 108  1 

.24  x 109 

a 

b 

9 

.005 

.05 

.0403 

1 .0 

12 

- 

.35 

.282 

1 .0 

15 

.14 

1.37 

1.107 

.9906 

17 

.29 

2.77 

2.243 

.9801 

20 

.72 

6.29 

5.137 

.9413 

23 

1.33 

10.33 

8.525 

.890 

TABLE  3.7 

CORRIDOR  OZONE  DEPLETIONS,  PERCENT,  WITH  INJECTION  OF 
kg/yr  N0X  (as  N02)  INTO  HEMISPHERE,  CHANG  MODEL  (CIAP 

1 x 108 
ROF,  1974) 

Altitude, 

km 

Ozone  Depletion, 
Percent 

9 

0.008 

12 

0.056 

15 

0.225* 

17 

0.463 

20 

1.129 

23 

2.035 

♦Interpolated 

TABLE  3.8 

CORRIDOR  OZONE  DEPLETIONS 

, PERCENT,  WITH 

INJECTION  OF  1 

X 108 

kg/yr 

MODELS 

N0X  (as  NO,)  INTO 
(CIAP  ROF , 1974) 

HEMISPHERE,  HUNTEN, 

CHANG,  AND  CIAP 

Flight  Altitude, 
km 

Hunten  Model 

Chang  Model 

CIAP  (average) 

9 

0.032 

0.008 

0.020 

12 

0.080 

0.056 

0.068 

13 

0.301 

0.090* 

0.196 

14 

0.524 

0.143* 

0.334 

17 

1.284 

0.463 

0.874 

20 

2.174 

1.129 

1.652 

•Interpolated  graphically 

■ 
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cases  all  used  an  Injection  rate  of  1.8  x 10y  kg  NO^/yr,  injected  In  a 1-km 
thick,  10-degree-wide  band,  centered  as  shown: 

Run  17  Natural  atmosphere 

Run  18  20-km  injection,  45°  N 

Run  19  17 -km  injection,  45°  N 

Run  20  20-km  injection,  10°  N 

Three-year  integrations  of  the  perturbed  atmosphere  were  used, 
after  a much  longer  2-D  distribution  run  for  the  NOj.  Results  are  given  in 
Figs.  3.16a  through  3.l6d.  The  results  show  some  anomalous  behavior,  in 
particular  the  ozone  enhancement  in  the  17-km  injection  case  in  the  Southern 
Hemisphere  winter  (Fig.  3.16b).  Numerical  results  are  given  in  Table  3.9 
for  annual  global,  hemispheric,  and  45°  N average,  and  for  45°  N in  the 

The  hemispheric  average  seasonal  depletion  values  are  given 


summer  season, 
in  Table  3.10. 


Note  that  the  global  average  effect  was  not  significantly  changed 
with  changes  in  latitude  of  injection,  in  these  two  cases  at  least.  The 
Northern  Hemisphere  average  value  was,  however,  greater  with  more  northern 
injection,  as  was  the  depletion  in  the  important  summer  season  at  45°  N. 

The  Southern  Hemisphere  effect  was  greater  with  tropical  injection,  as  might 
be  expected. 

Also,  the  ratio  of  effects  (Northern  Hemisphere/Southern  Hemisphere) 
was  greater  for  farther-north  and  lower-altitude  injections. 

The  MIT  model  used  a 30-day  rainout  lifetime  for  N0y  in  the  tro- 


As  a result,  some  fraction  of  the  added  NO  was  found  to  enter 


posphere . 

the  troposphere  in  mid-latitudes,  be  transported  equatorially , and  returned 
to  the  st-atosphere  in  the  rising  branch  of  the  Hadley  cell.  The  actual 
value  to  be  used  for  the  rainout  coefficient  is  not  well  established,  and 
is  important  in  determining  the  effect  of  added  N0X  in  the  stratosphere  on 
the  ozone  layer.  (See  Prinn  et  al.,  1975 > 1974  for  data  on  N0x  augmenta- 
tions; ozone  effects  are  not  given.)  The  COMESA  (1975)  group  used  7-day 
and  14-day  rates  in  their  2-D  modeling,  and  30  days  in  their  3-D  modeling 
(see  Appendix  B). 

The  rate  of  response  of  the  MIT  3-D  model  atmosphere  to  an  imposed 
NOx  source  at  20  km  at  45°  N is  shown  In  Fig.  3-17  for  several  locations. 
The  Southern  Hemisphere  effect  lags  the  Northern  Hemisphere  by  5 or  more 
years,  a point  which  would  be  important,  for  example,  in  monitoring  effects 
of  a growing  fleet.  In  effect,  since  fleets  may  well  change  substantially 
in  a 5-year  period,  the  steady-state  effects  shown  in  Fig.  3.17  might  never 
occur. 
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njection  1.8  Mt/yr  In  each  case 
75. 


'**rrr 


TT 


TABLE  3.9  OZONE  DEPLETIONS,  PERCENT,  WITH  INJECTION  OF  1.8  x 109  kg/yr 
N0X  (as  NO?)  MIT  MODEL 
SOURCE:  Cunnold  and  Alyea,  1975;  1977 


Annual 

Annual 

Hemispheric  Average 
Depletions,  * 

At  45 

0 N* 

Injection 

Global  Average 
Depletion,  % 

Northern  southern 

Hemisphere  Hemisphere 

Summer 

Season 

Annual 

Average 

j 45° 

N. 

20 

km 

11.9 

16.1 

7.7 

20 

19 

| 45° 

N, 

17 

km 

5.8 

8.2 

3.4 

11 

10 

f 10° 

N, 

20 

km 

12.5 

15.5 

9.4 

13 

15 

♦Obtained  graphically  from  Fig.  3.16 
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TABLE  3.10  SEASONAL  HEMISPHERIC  AVERAGE  OZONE  DEPLETIONS,  PERCENT,  WITH 
INJECTION  OF  1.8  x 1 09  kg/yr  N0»  (as  NO,)  MIT  MODEL 
SOURCE:  Cunnold  and  Alyea,  1975;  1977  c 


Northern  Hemisphere 


Injection  at 

Mar-May 

Jun-Aug 

Sep-Nov 

Dec-Feb 

45°  N,  20  km 

17.4 

15.9 

15.5 

15.7 

45°  N,  17  km 

6.0 

8.4 

7.7 

10.9 

45°  N,  20  km 

13.7 

13.6 

16.8 

18.3 

Southern 

Hemisphere 

Injection  at 

Mar-May 

Jun-Aug 

Sep-Nov 

Dec-Feb 

45°  N,  20  km 

6.5 

7.2 

8.4 

8.7 

45°  N,  17  km 

5.9 

2.3* 

4.0 

2.5 

10°  N,  20  km 

13.3 

11.0 

7.2 

6.2 

♦Anomalous  behavior 
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FIGURE  3.17. 


Approach  of  Incremental  N0y  to  Final  Value,  1.8  Mt  NOx/yr 
(as  NO2)  at  20  km  and  45°  N,  2-D  Model  Results. 

Source:  D.  M.  Cunnold,  private  communication,  1976. 


The  MIT  results  can  be  compared  to  the  Hunten  1-D  and  Chang  1-D 
models.  The  Hunten  model,  for  45°  N injection  (with  a 2-km  adjustment) 
gives  a Northern  Hemisphere  value  of  31.2  percent  depletion  (which  is  slightly 
beyond  the  range  of  applicability  of  the  correlation).  The  Chang  model 
(p.  E-59,  ROF)  gives  a global  average  value  of  about  8 percent  (interpola- 
ting); the  hemispheric  value  (at  double  the  rate)  would  be  about  15  percent. 
These  figures  should  be  compared  to  the  Cunnold-Alyea  values  of  12  percent 
and  16  percent.  At  17  km,  the  Hunten  model  would  give  20.4  percent;  the 
Chang  global  average  value  is  3.7  percent,  and  a hemispheric  value  (at 
double  the  rate)  is  about  7.3  percent.  These  latter  figures  should  be 
compared  to  the  MIT  values  of  5.8  and  8.2  percent,  respectively.  The  Hunten 
values  are  thus  considerably  higher,  arid  the  Chang  values  somewhat  lower, 
than  the  Cunnold-Alyea  results. 

These  results  were  all  based  on  CIAP  chemistry  (in  particular, 

OH  ■ H0g  » 2 x 10-'1'0)  and  do  not  include  "smog"  reactions  with  methane  or 
chlorine  reactions. 

3.4.2  COMESA  Modeling  Results  (1975) 

The  COMESA  program  operated  over  the  years  1972-1975.  The  report, 
which  became  available  to  us  in  May  1976,  describes  the  extensive  work  car- 
ried out  during  that  period.  The  two  programs  (CIAP  and  COMESA)  operated 
during  the  same  time  frame  and  benefited  from  mutual  interactions.  Never- 
theless, due  to  differences  in  approaches  and  some  differences  in  chemistry, 
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results  differed  somewhat  from  those  reported  either  In  the  CIAP  ROF  or  In 
the  NAS/CIC  report.  A review  of  the  COMESA  work  Is  Included  as  Appendix  B 
to  this  report;  a very  brief  review  follows. 

COMESA  modeling  efforts  on  the  effects  of  aircraft  effluents  on  ozone 
involved  3-D,  2-D,  and  1-D  models.  The  1-D  modeling  exercises  used  diur- 
nally  and  seasonally  varying  solar  zenith  angles,  a departure  from  the  pro- 
cedures used  In  CIAP.  The  COMESA  models  also  Included  the  Injection  of 
H20,  CHjj , CO,  and  C02  in  proportion  expected  from  a Concorde  fleet. 

The  COMESA  3-D  general  circulation  model  (without  chemistry)  was  run 

for  one  year,  studying  the  distribution  of  0^,  HjO,  and  N0X  as  tracers.  The 

results  were  collapsed  to  1-D  for  comparison  to  published  (Hunten/1974  and 

Chang/1974)  K profiles).  The  different  tracers  showed  widely  differing  be- 
z 

havior,  including  negative  values  of  Kz  as  shown  in  Fig.  3.18.  Gross 
averages,  however,  were  developed  which  implied  that  the  Hunten/1974  profile 
implies  vertical  motions  to  be  too  slow  in  the  lower  stratosphere  and  the 
Chang/1974  profile  to  be  too  slow  in  the  upper  stratosphere.* 

With  regard  to  the  results  from  the  3-D  tracer  studies,  COMESA  concluded 
that:  "Consideration  of  these  results  casts  considerable  doubts  on  the 

value  of  current  1-D  models  except  for  the  purpose  of  first  estimates  and 
emphasizes  the  need  for  a more  sophisticated  treatment  of  the  dynamics," 

In  discussion,  COMESA  also  questions  the  concept  of  2-D  models. 

At  the  completion  0 t ne  effort,  the  COMESA  2-D  model  was  still  at  an 
early  state  of  development,  and  considered  unsuitable  for  perturbation  pre- 
dictions; it  was  used,  however,  to  estimate  latitudinal  distribution  of 
effects.  Results  on  latitudinal  distribution  were  similar  to  those  re- 
ported in  CIAP  (p.  B-20 , ROF),  although  after  only  3 years  of  equivalent 
running  time,  stationary  state  was  not  achieved. 

Two  1-D  models  were  used  by  COMESA,  both  using  diurnally  and  seasonally 
varying  sun  angles,  with  fixed  K_  profiles;  Chang/1974  or  Hunten/1974  model 
runs  typically  up  to  10  years  were  used,  but  stationary  state  was  not  always 
evident.  The  first  model  (Model  A)  which  included  methane  oxidation  chem- 
istry, 1-km  resolution,  and  Chang  K . a 10-km  lower  boundary  and  50-km  upper 
boundary,  showed  initial  ozone  enhancement  by  subsonics  (at  11  km  to  13  km) 
but  (after  3 years)  a slight  depletion,  varying  with  season,  as  shown  in 
Fig.  3.19.  CSTs  showed  depletions  at  all  times.  The  second  model  (Model  B) 
extende from  the  ground  to  48  km,  with  2-km  resolution,  but  utilized  sim- 
plified chemistry  (no  smog  reactions).  Runs  with  1-D  models  included  SSTs 


•The  Chang/1976  profile  (Fig.  3.13)  utilizes  a larger  value  of  Kz 
in  the  upper  stratosphere. 
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8.  Values  of  K2  from  Hemlspherlcally  Averaged  Annual  Average 
Fluxes  and  Mixing  Ratios  (average  of  three  tracers)  (mz/sec) 
Source:  COMESA,  1975 
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PERCENTAGE  CHANGE 
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— SST  INJECTION 
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Percentage  Changes  in  O3  Columns  (Model  A).  The  injection 
rates  at  both  altitudes  were  taken  as  1.24  x 1034  molecules 
N0?/yr  (9.5  x 108  kg  NOg/yr),  corresponding  to  approximately 
1200  Concordes  and  about  twice  as  many  subsonlcs.  The  model 
lower  boundary  was  10  km,  probably  too  close  (as  noted  by 
COMESA)  to  the  subsonic  Injection  level. 

Source:  COMESA,  1975 
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and  subsonics,  alone  and  In  combination.  The  most  surprising  result  was  an 

insensitivity  to  K„  for  SSTs  (Concorde/Tupolev),  with  Chang/197A  and 
z 

Hunten/197A  K profiles  giving  about  the  same  effect  on  ozone;  with  sub- 
z 

sonics,  however,  the  difference  in  results  was  substantial. 

The  COMESA  report  concluded  that  about  600  Concordes  (each  producing 
8 x 10^  kg  NOx/yr)  would  be  required  to  cause  1 percent  ozone  depletion  in 
the  30°  N - 60°  N region;  a global  average  value  would  be  about  1/2  percent, 
and  the  Southern  Hemisphere  value  would  be  about  1/A  percent.  The  effects, 
as  interpreted  by  COMESA,  are  about  1/6  those  given  by  the  NAS/CIC  and 
about  1/3  those  given  in  CIAP.  They  further  comment  that  the  results  "in- 
dicate that  the  reduction  of  ozone  caused  by  present  subsonic  fleets  (which 
is  widely  regarded  as  negligible)  will  be  less  than  doubled  by  addition  of 
a hundred  or  more  Concorde-like  SSTs,"  (COMESA,  1975.  p.  388).  The  refer- 
ence to  the  present  subsonic  fleet  is  apparently  based  on  the  0.1  percent 
figure  quoted  in  the  CIAP  R0F,  rather  than  to  COMESA's  own  (Model  A)  results. 

The  COMESA  report  does  not  utilize  the  2-km  adjustment  to  aircraft 
altitude  used  by  NAS  and  by  CIAP  in  applying  the  NAS  model.  COMESA  also 
notes  that  their  ozone  depletion  results  are  about  half  those  found  by 
Chang  for  the  same  Kz<  They  comment  that  the  diurnal  treatment  may  reduce 
the  effects.  Part  of  the  reduced  effect,  however,  (based  on  later  studies 
by  Lawrence  Livermore  Laboratory,  Section  3.2.6)  can  be  attributed  to  a 
lower  value  for  the  rate  constant  (6.7  x 10”11  rather  than  2 x 10-10)  for 
the  OH  + HO2  reaction.  A larger  NOx  column  also  entered  (See  Appendix  B,  p,  6) 

The  COMESA  report  also  describes  their  measurements  work,  and  discusses 
uncertainties  in  the  understanding  of  certain  important  trace  species.  In 
their  view,  the  measured  N0X  in  the  stratosphere  is  larger  than  Implied  by 
the  models,  suggesting  sources  other  than  N20.  If  the  point  is  verified, 
the  stratosphere  would  be  less  sensitive  to  added  N02  than  predicted  by  the 
models.  A brief  review  of  their  arguments  is  included  in  Appendix  P. 

3.4.3  T1me-Dependr-'t  and  Other  Effects,  1-D  Model  [CIAP  chemistry  (no 
chlorine  or  'smog'1  reactions),  Lawrence  Livermore  Laboratory/IDA 
studies,  December  1975J 

A.  1 Ime-Dependent  Effects 

In  preceding  sections,  approximate  "steady-state"  changes  on  ozone 
were  reported,  assuming  a continued  injection  at  constant  rate  for  many 
years — in  some  cases,  30  to  300  years,  to  be  reasonably  certain  of  reaching 
steady-state  results.  In  any  real  situation,  the  rate  of  approach  to  the 
steady-state  value  is  also  important,  since  fleets  change  continuously  with 
time;  it  is  obviously  of  interest  to  be  able  to  estimate  time-dependent 
effects  for  various  fleets  from  steady-state  and  respective  data.  While 
substantial  questions  may  exist  about  whether  the  rate  of  approach  to 
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equilibrium  in  a 1-D  model  has  any  physical  reality  in  terms  of  the  rate  of 
approach  in  the  atmosphere,  it  would  seem  that  if  the  1-D  parameterization 
has  any  validity  the  rate  of  response  might  also.  Latitudinal  variations, 
of  course,  are  expected,  as  was  shown  in  Pig.  3.17.  In  any  event,  by  using 
1-D  response  time  data  along  with  1-D  steady-state  data,  simplified  procedures 
have  been  developed  here  which  give  time-dependent,  1-D  effects  for  fleets 
changing  with  time,  and  which,  for  the  SST  case  at  least,  oa..  Lt  made  to 
match  the  results  obtained  in  a full  computer  simulation,  as  will  be  shown 
in  the  following.  The  data  are  from  runs  made  at  Lawrence  Livermore  Labora- 
tory, 12-13  December  1975,  using  the  same  chemistry  as  used  by  Chang  in  C1AP, 
except  that  a "half  sun"  (signifying  an  average  of  night  and  day)  was  used, 
whereas  in  CIAP  a "full-sun"  was  used. 

Normalized  ozone  depletions  versus  time,  using  a step  change  in 

source,  are  shown  for  several  cases  in  Figs.  3.20  ( Chang/197 ^ , K„)  and  3.21 

z 

(Hunten/1971*  K ).  The  labeled  data  show  the  altitudes  of  injection  and 

Z Q 

source  strengths  in  kg  NOx/yr  (1E9  “lx  107  kg  N0X,  as  N02,  per  year).  In 

each  case,  the  inset  graph  gives  time  to  e-fold  and  half  the  time  for  two 

e-folds.  Note,  however,  that  particularly  for  low-altitude  injections,  the 

initial  response  to  the  perturbing  N0X  is  to  Increase  the  ozone  column, 

rather  than  to  decrease  it,  so  that  an  e-folding  time,  which  implies  an 

-kt 

exponential  approach  to  equilibrium  (1-e  ) is  invalid;  an  e-folding 

approach,  however,  is  not  unreasonable  as  an  approximation  technique  for 
injections  at  higher  altitudes.  The  initial  opposite  effect  at  low  altitude 
was  obtained  even  in  the  absence  of  "smog"  reactions,  and  was  due  to  N02 
interference*  with  the  HOx  cycle  at  low  altitude  prior  to  diffusion  of  the 
pollutant  N02  to  ozone  destruction  altitudes.  Modeling  of  this  behavior  for 
time-dependent  fleets  might  be  accomplished  by  assuming  superposition  of 
sources,  but  no  data  are  aval lab] a to  support  such  an  approach. 

The  overall  response  ti  (e-folding)  increases  with  decreasing 
altitude,  and,  thus,  residence  *ime,  directly  opposite  to  the  effect  which 
would  be  expected  on  a box  model  of  the  stratosphere.  Presumably,  at  some 
altitude,  the  response  time  would  increase  with  altitude  as  residence  time 
effects  become  dominant,  an  effect  hinted  at  by  the  shape  of  one  of  the 
inset  curves  In  Fig.  3.21.  Response  time  may  also  be  somewhat  injection- 
rate-dependent  (see  inset  on  Fig.  3.21). 

To  test  a simple  approach  to  the  time-dependent  problem,  square- 
wave  response  time  and  equilibrium  data  were  applied  to  an  hypothesized 
Concorde  buildup  and  phaseout  case,  and  compared  to  a detailed  computer  run. 


*W.  Duewer,  private  communication,  January  1977 
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FIGURE  3.20.  Normalized  Ozone  Depletions  versus  Time.  Chang/1974  K 
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FIGURe  3.21.  Normalized  Ozone  Depletions  versus  Time.  Hunten/1974  Kz 

The  approach  used  assumed  ozone  depletions,  in  each  band,  to  change  with 
time  according  to 

6n+l  = 6ne~1/Rt  + Cl  (1-e"1/Rt), 

whei  e 6^^  - ozone  depletion  at  the  end  of  the  year  n+1 , 

6n  * ozone  depletion  at  end  of  year  n (beginning  of  year  n+1), 

5”*1  ' ylli° nJlf etl0n  f0r  N°*  lnJeotl°"  -«•  « 

St  ■ sp?«%!ir”«i:rni^?re  taken  as  hair  t,ie 

The  functional  relationships  for  steady-state  0 decrease  used  in 
the  simplified  procedure  (above)  follow:  3 


14  km 
17  km 


6°  - 0.7258  R 
5°  - 2.34  R0,S 


O Q 

where  6 is  global  average  0^  depletion  in  percent  and  R Is  In  units  of  107 
kg/yr  N0X  Injection. 

The  depletion  function  used  at  17  km  Is  slightly  higher  than  thac 
used  previously  (which  was  based  on  Chang's  1973  results,  pp.  13-17,  CIAP 
ROF) , In  accordance  with  results  obtained  In  December  1975.  N0X  Injections 
were  taken  to  be  at  14  km  and  17  km,  rather  than  at  13.5  km  and  16.5  km, 
as  In  CIAP,  as  even  Injection  altitudes  are  required  In  the  Chang  model. 


The  SST  was  assumed  to  build  up  and  be  phased  out  over  a 29-year 
period.  The  NO  emissions,  per  aircraft  year,  were  taken  as  1.082  x 10^  kg 

* C 

at  14  km  and  9.414  x 103  kg  at  17  km.  A response  time  of  2.56  years  was 
used  at  14  km  and  2.38  years  at  17  km,  averaging  one  and  two  e-fold  times. 
Final  results  are  shown  in  Fig.  3*22.  Good  agreement  was  found,  although  a 
slightly  larger  response  time  could  be  argued.  (Three  years  was  tried,  and 
found  to  be  much  too  large.)  Tabulated  results  for  even  years  are  presented 
in  Table  3.11. 


TABLE  3.11.  OZONE  CHANGES  DURING  FLEET  BUILDUP  AND  PHASEOUT 


Actual  * 

Simpl 1 flea 

Year 

JLL.U 

Ami 

2 

0.0075 

0.0091 

4 

0.0226 

0.0242 

6 

0.0401 

0.0416 

8 

0.0587 

0.0601 

10 

0.0777 

0.0789 

12 

0.0895 

0.0892 

14 

0.094 

0.0936 

16 

0.096 

0.0955 

18 

C.097 

0.0964 

20 

0.0975 

0.0967 

22 

0.0903 

0.0882 

24 

0.0756 

0.0737 

26 

0.0581 

0.0564 

28 

0.0394 

0.0380 

30 

0.0205 

0.0187 

32 

0.0086 

0.0081 

34 

0.0041 

0.0035 

36 

0.0020 

0.0015 

38 

0.0011 

0.0007 

40 

- 

0.0003 

♦Provided  by  J.  Chang,  Lawrence  Livermore 
Laboratory,  13  December  1975 


The  procedure  appears  to  be  satisfactory.  It  should  be  noted  that 
the  response  time  question  was  not  addressed  in  CIAP,  or  taken  Into  account 
in  fleet-effect  considerations. 


FIGURE  3.22.  1-D  Time-Dependent  Fleet  and 

CIAP  chemistry. 


Model  Ozone  Effects  Example. 


B . Reversibility  With  Elimination  of  NO^  Source 

Prom  a mathematical  point  of  view,  the  sudden  removal  of  a source 
of  NOx  at  a given  altitude  from  a column  in  equilibrium  is  equivalent  to 
the  sudden  addition  of  an  NOx  source  to  a column  in  equilibrium.  In  a sense, 
one  is  an  instantaneous  negative  source  and  the  other  an  instantaneous 
positive  source.  To  demonstrate  the  point,  however,  several  cases  were  run 
by  Lawrence  Livermore  Laboratory,  12-13  December  1975. 

The  first  test  involved  a source  at  9 km  held  constant  for  30  years, 
using  the  Chang/197i<  Kz  profile.  The  final  condition  (which  involved  a 
slightly  greater  time  than  30  years)  was  then  taken  as  the  initial  condition, 
the  source  was  set  to  zero,  and  the  model  again  run  for  30  years. 

Reproducibility  was  found  in  this  case  to  be  good  to  five  places 
(8.35069  x 101®  mol/cm2  initial  versus  8.35072  mol/cm2  final).  The  be- 
havior as  a function  of  time  was  found  also  to  be  essentially  symmetrical 
cither  with  a suddenly  imposed  NOx  input  or  to  a suddenly  imposed  N0X  shut- 
off, up  to  about  10  years  after  the  change.  The  symmetry  included  the 
initial  response;  in  this  case,  N02  removal  initially  decreased  ozone. 
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Beyond  about  10  years,  small  random  errors  appeared  to  distort  the  behavior 
very  slightly.  This  Initially  opposite  behavior  might  be  of  interest  If 
confirmed  and  if  emission  controls  on  a fleet  were  being  considered. 

C . Additivity  of  Sources  at  Different  Altitudes 

One  run  was  made  to  test  the  additivity  of  several  sources  at  dif- 
ferent altitudes.  The  summed  run  used  the  same  sources  as  in  three  single- 
source runs,  all  using  Hunten's  K_  profile.  Results,  at  steady  state  are 
presented  in  Table  3.12,  using  run  numbers  as  assigned  at  the  time  of  the 
runs : 


TABLE  3.12.  1-0  SOURCE 

ADDITIVITY 

TEST 

Run 

N0y 

Altitude,  x 

km  10 

Source , 
9 ki/yr 

-AO3/O3 

Percent 

1.2 

9 

2.0 

0.0829 

1.4 

15 

0.2 

0.577 

1.6 

22 

0.2 

3.92 

Sum 

4.58 

2.3 

Summed  sources 

4.48 

The  summed  results  from  the  three  initial  runs  were  found  to 
be  slightly  above  the  result  with  summed  sources,  as  expected  (since  ozone 
depletions  cannot  exceed  100  percent). 

The  time-phased  response  in  the  summed  case  (run  2.3)  was  dominated 
by  the  large  source  at  22  km  (run  1.6). 

The  choice  of  input  conditions  used  here  was  probably  not  a good 
one  in  view  of  the  dominance  of  a single  component. 

Note  that  in  the  correlations  of  Chang's  results  (p.  B-19,  CIAP  ROP) 
and  in  the  plot  (p.  E-59,  CIAP  ROF),  which  are  of  the  form  y *>  axb,  where 
b varies  above  and  below  unity,  the  additivity  of  sources  is  imperfect, 
even  for  sources  at  constant  altitude  injection. 

D.  Effects  of  Water  Added  Simultaneously  With  N0)C 

Five  runs  were  made  to  test  the  effects  of  water  vapor  augmentation 
on  ozone  depletion.  These  data  will  be  of  principal  interest  if  low  NOx 
combustors  are  developed.  Steady-state  conditions  were  considered,  which 
seemed  to  be  reached  somewhat  slowly.  In  each  case,  equilibration  with 
added  water  wa3  carried  out  before  NOx  was  added,  and  the  end  point  distri- 
bution used  as  the  starting  point.  The  added  water  vapor  was  arbitrary, 
and  based  simply  on  a constant  multiplier  at  every  point  in  the  column. 
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Results  showed  the  effect  of  added  water  vapor  to  be  K„-dependent 

as  to  sign,  and  smaller  in  magnitude  than  reported  by  Crutzen  (197 4 ) . With 

Chang's/1974  K_  profile,  added  water  caused  a slight  decrease  in  ozone  (a 

25  percent  Increase  in  water  causing  a 0.016  percent  decrease  in  ozone), 

whereas  with  the  Hunten/K,  profile,  a 25  percent  increase  in  water  led  to  a 

z 

0.15  percent  increase  in  ozone.  Effects  with  small  input  N0X  rates,  in 
addition,  were  additive. 

As  noted,  the  water  effect  found  here,  even  with  Hunten's  Kz,  for 
which  the  effect  is  positive,  is  still  considerably  less  than  that  reported 
by  Crutzen  (1974),  who  found  a 1.5  percent  increase  in  ozone  with  a doubling 
of  water  vapor  (compared  to  the  equivalent  of  0.5  percent  for  a doubling 
found  here).  McElroy  et  al.,  (1974)  found  a 0.1  percent  Increase  in  ozone 
for  a 24  percent  increase  in  water  vapor  (NAS,  1975,  p.  161),  compared  to 
the  0.15  percent  found  with  the  Hunten/1974  K_  at  25  percent  increase  found 

i “ 

here.  Crutzen  (1976)  has  since  reported  a minor  decrease  in  ozone  with 
increased  water  vapor. 

Water  effects  might  be  of  greater  significance  in  a more  realistic 
chlorine-containing  model  stratosphere  (see  Section  3-2.7).  Thermal  effects 
of  water  vapor  on  stratospheric  ozone  would  also  need  to  be  considered  with 
low  N0X  emission-index  combustion. 

E.  Residence  Times 

As  a matter  of  additional  interest,  the  added  burdens  of  NO 
(NO  + N02  + HNO^ ) were  computed  for  comparison  to  inert  tracer  computations 
by  Chang  in  the  CIAP  HOP  (p.  19)  and  by  Bauer  et  al.  (Appendix  D). 

TABLE  3.13.  RESIDENCE  TIMES  FOR  ADDED  ODD  NITROGEN 


Altitude, 

km 

5* 

Run 

A Burden  N0U, 

2 y 

mol /cm 

Input  Rate  Res1dence  T1me, 

(mol/cm-sec)  Years 

9 

Chang 

1.1 

2.150E14 

1 . 61 6E8 

0.042 

9 

Hunten 

1.2 

4.146E14 

GO 

Ui 

to 

40 

0.081 

22 

Hunten 

1.6 

2 . 24  39  E 1 5 

1 . 61 6E7 

4.39 

22 

Hunten 

1.7 

11 .3347E15 

8.08E7 

4.35 

For  comparison,  residence  times  at  9 km  in  the  CIAP  ROF  (p.  19)  are 
0.08  (Chang)  and  0.25  (Hunten)  years.  For  these  same  conditions,  Bauer 
finds  0.072  and  0.21  years  (Appendix  D).  At  22  km,  the  ROF  (p.  19)  would 
give  approximately  5.3  years. 

The  burden  buildup  of  N0y  with  time  was  also  examined  for  run  1.6. 

In  the  case  of  run  1.6  (22  km,  Hunten  K ),  It  appeared  that  the  NO  burden 

z y 

buildup  followed  the  ozone  depletion  change  fairly  closely,  with  both  re- 
sponding (e-folding)  in  about  3.7  or  3.8  years,  somewhat  faster  than  the 
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apparent  residence  time).  However,  in  runs  1.1  or  1.2  (9  km,  Chang  and 
Hunten  Kz),  the  N0y  column  buildup  was  much  faster  than  the  ozone  depletion. 
In  run  1.1,  78  percent  of  the  equilibrium  incremental  NO  + N02  burden  was 
reached  in  1 year  (HNO^  data  were  not  available,  but  should  not  affect  the 
result  much);  in  run  1.2,  82  percent  of  the  NO  + N02  incremental  burden  was 
reached  in  1 year. 

Response  time  and  residence  time  are  evidently  not  well  related. 
Also,  residence  times  (burden/flux)  apparently  vary  with  the  tracer.  In  the 
case  of  N0y,  this  may  be  explainable  by  interaction  with  NgO,  the  concentra- 
tion of  which  was  found  to  be  affected  by  an  artificial  N0X  source,  and  by 
reactions  with  atomic  nitrogen. 

F.  Pollutant  Mixing  Ratio  Constancy 

A fundamental  tenet  of  the  Injection  coefficient  approach,  as  used 
by  Hunten,  is  that  the  augmented  mixing  ratio  of  pollutants  above  the  point 
of  injection  is  constant. 

The  point  was  investigated,  using  the  run  data  generated  at  Law- 
rence Livermore  Laboratory  (LLL)  for  several  cases,  and  compared  to  values 
read  from  the  graphical  data  presented  by  McElroy  et  al.  (1974).  The  LLL 
results  showed  a definite  decrease  with  altitude,  decreasing  by  a factor  of 
2 or  more  between  28  km  and  40  km,  whereas  McElroy 's  results  were  more  nearly 
constant.  In  a subsequent  analysis,  Duewer  et  al.  (1976),  showed  this 
effect  to  be  due  to  destruction  of  NO  and  N0X  by  N atom  reactions.  However, 
ozone  depletion  results  were  found  to  be  not  significantly  affected  .by  the 
Inclusion  or  deletion  of  these  reactions  as  shown  in  Table  3.1**. 


TABLE  3.14. 


OZONE  DEPLETIONS*  WITH  AND  WITHOUT  N ATOM  REACTIONS 
(Global;  17  km,  2.46  x 109  kg/yr  N0Z) 

With  Without 


Chang/1974 

1.75 

1.77 

Hunten/1 974 

6.68 

7.25 

Crutzen-I$aksen/*I975 

1.31 

1.36 

♦Source:  Duewer  et  al.,  1976. 


3.4.4  NASA-Ames  2-D  Model  Results  (January  1976) 


Borucki  et  al . (1976)  have  published  preliminary  results  of  a 2-D 
model  study  of  ozone  depletions  due  to  supersonic  aircraft.  The  model 
extended  from  the  ground  to  60  km  in  2.5-km  intervals,  and  from  80°  S to 
80°  N.  Results  were  considered  to  be  preliminary  in  that  further  work  was 
felt  to  be  needed  on  the  transport  parameters.  The  model  did  not  include 
the  methane  oxidation  reactions,  but  did  use  a lower  value  (6  x 10  cm'Ysec) 
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for  the  OH  + HO^  reaction  than  was  used  in  CIAP  (2  x 10  cm-vsec).  The 
authors  compared  their  results  to  those  of  Cunnold  and  Alyea  (see 
Section  3.4.1.B).  The  agreement  was  found  to  be  good  for  similar  runs  in 
the  Northern  Hemisphere  but  not  as  good  in  the  Southern  Hemisphere. 

These  authors  reported  ozone  depletions  as  a function  of  latitude 
for  NOx  injection  at  the  rate  of  1.8  x 10^  metric  tons/year  at  20-km  alti- 
tude for  three  different  latitudes  of  injection  (30-40°  N,  40-50°  N,  and 
50-60°  N).  Results  were  largely  insensitive  to  the  latitude  of  injection. 

At  45°  N,  the  calculated  depletion  was  20  percent  for  30-40°  N injection 
and  for  50-60°  N injection,  but  19  percent  for  40-50°  N injection 

3.4.5  Crutzen  2-D  Model  Pesults  (early  1976);  methane  reactions  Included; 
chlorine  reactions  excluded 

As  noted  in  Section  3.1,  the  methane  oxidation  reactions  produce  ozone 
in  the  presence  of  NOx;  Johnston  (1974),  in  fact,  pointed  out  that  the  rate 
of  ozone-generating  reactions  crosses  the  rate  of  ozone-destroying  reactions 
at  about  13  or  14  km  altitude  in  a 1-D  model.  These  reactions  were  not  in- 
cluded in  any  of  the  CIAP  or  NA  modeling  work  described  heretofore;  one  of 
the  1-D  models  used  by  COMESA  did  include  these  reactions,  but  use  of  a 
lower  boundary  of  10  km  made  any  results  due  to  aircraft  at  11-13  km  rather 
dubious,  as  COMESA  points,  out  (see  Section  3.4.2,  this  report).  The  Crutzen 
2-D  model,  from  which  first  results  with  SST  sources  were  reported  in  the 
4th  CIAP  Conference  (February  1975)  did,  however,  include  these  reactions, 
so  that  it  became  of  particular  Interest  to  carry  out  runs  with  this  model 
to  compute  the  effects  of  aircraft  at  various  altitudes.  Such  runs  were 
made,,  with  the  pooperation  of  P.J.  Crutzen  and  NCAR  in  the  winter  and  early 
Epring  of  1976. 

The  Crutzen  model  is  described  in  his  4th  CIAP  Conference  paper 
(Crutzen,  1975);  at  the  time  of  the  runs  to  be  described,  however,  the  model 
had  been  modified  in  the  rate  of  meridional  transport  to  fit  data  accumu- 
lated following  the  Fuego  eruption. 

Detailed  results  of  these  runs  are  given  in  Appendix  A,  and  sum- 
marized briefly  in  this  section.  The  most  interesting  aspect  of  the  results 
was  that  the  model  runs  simulating  subsonic  and  advanced  subsonic  aircraft 
generally  showed  increases  in  the  total  ozone  column  in  northern  flight 
latitudes,  as  will  be  seen;  however,  it  must  be  emphasized  that  the  results 
are  tentative,  in  that  the  chemistry  is  uncertain  and  work  is  needed  on  the 
model  for  use  near  the  tropopause,  the  region  which  was  of  prime  interest 
here;  also  steady  state  may  not  have  been  achieved  in  the  six-ysar  model 
period  utilized.  In  addition,  it  was  found  that  the  model  does  not  handle 
water  injections  properly,  so  results  include  only  the  effects  of  N0X  in- 
jections (as,  of  course,  do  most  other  modeling  results). 
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The  model  uses  6 x 10  cmvaec  for  the  critical  OH  + H02  -*•  H20  + 02 
reaction,  somewhat  lower  than  2 x lO"*1  value  recommended  in  NAS,  1976a 
(see  Section  3.4.7).  (Larger  values  of  this  reaction  rate  increase  the  ozone 
depletion.)  The  model  did  not  include  the  NO^  cycle  described  by  Johnston 
(see  Table  3-1),  but  judging  from  other  results  (see  Section  3.4.8)  it  is 
doubted  that  Inclusion  of  the  cycle  would  have  substantially  altered  results. 
The  point  should,  of  course,  be  checked. 

The  model  was  used  for  latitudinaliy  distributed  N0X  injections,  based 
on  Table  2.12  (Section  2,  this  report),  at  four  levels  (level  9,  approxi- 
mately 11  km;  level  10,  approximately  12.5  km,  level  11,  approximately 
14.3  km;  and  level  13,  approximately  18  km).  The  model  is  in  pressure  units, 
so  quoted  geometric  levels  represent  standard  atmosphere  pressure  altitudes 
(see  Section  2.14). 

Inputs  were  parametric,  in  that  the  1.8  vertical  km  resolution  of  the 
model  could  not  be  matched  to  the  actual  flight  trajectories  of  the  various 
aircraft.  The  injection  rate.s  selected,  however,  were  related  to  the  data 
given  in  Table  2.12  only  in  a general  sense.  For  example,  the  level  9 run 
was  based  on  a 50  percent  increase  over  the  total  subsonic  fleet  fuel  values 
given  in  Table  2.12  (to  allow  for  low-altitude  traffic)  and  an  emission 
index  of  16  gm  NOj/kg  fuel,  corresponding  to  fan  Jet  engines,  was  used, 
rather  than  10  gm  kg  as  in  CIAP,  which  corresponded  more  to  current  low- 
pressure-ratio  engines.  Small  perturbations  resulted  with  the  injection 
rates  useC;  to  gain  accuracy,  both  the  perturbed  and  natural  stratosphere 
were  run  beyond  initial  starting  conditions,  and  the  changes  noted  at  cor- 
responding times.  The  runs  were  carried  for  six  years,  which  appeared  to 
give  stable  results;  however,  long  slow  changes  could  not  be  ruled  out, 
particularly  in  the  Southern  Hemisphere  (see  Fig.  3.17). 

The  input  conditions,  which  were  not  varied  seasonally,  are  shown  in 
Fig.  3«23<  A sample  2-D  seasonally  varying  result  is  plotted  for  11-km 
injections  in  Fig.  3*24;  detailed  tabular  data  are  given  in  Table  3*15. 

The  variations  with  injection  altitude  for  35°  N,  45°  N and  55°  N are  shown 
in  Fig.  3.25  for  a normalized  input  of  N0X  of  1 x 10^  kg/yr,  assuming  lin- 
earity for  the  input  rates  shown  in  Table  3*16;  linearity,  however  has  not 
been  demonstrated.  The  variations  in  latitudinal  distribution  between  dif- 
ferent levels  were  also  Ignored  in  preparing  Fig.  3*24,  but  this  effect 
should  have  been  small. 

The  enhancements  found  in  ozone  column  are  small.  In  terms  of  mixing 
ratios,  it  can  be  deduced  from  the  data  in  Appendix  A,  Figs.  A-ll  and  A-12, 
that  the  increase  in  ozone  for  11-km  injection  is  about  12  percent,  or 
about  0.12  (5  x lO1^1)  or  6 x 10^  mol/cm^.  At  11  km,  the  atmospheric  den- 
sity is  about  7.6  x 10^®  mol/cm^  (U.S.  Standard  Atmosphere,  1962)  so  that 
the  mixing  ratio  augmentation  is  8 ppbv. 


PERCENT  OZONE  COLUMN  CHANGE 


FIGURE  3.24.  Percent  Ozone  Column  Change  Above  Ground  as  a Function 
of  Latitude  and  Season  after  Six  Years  of  NO*  Emissions 
(2.06  x 10’  kg  of  NOg/yr ) at  35,500-ft  Altitude.  NCAR 
2-D  runs;  Crutzen  model 
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FIGURE  3.25.  Normalized  NCAR  2-0  Results  (Crutzen  Model)  for  Ozone  Column  'J 

Changes  with  1 x 109  kg/yr  NO*  Injection  Rate  at  Various  | 

Altitudes  Distributed  over  1.8-km  Altitude  Bands,  and  over  ^ 

Latitude  According  to  Fig.  3.23.  Linearity  of  effects  with  i 

Injection  rate  was  assumed  In  making  the  adjustment.  i 


3.4.6  Reaction  Rate  Uncertainties  and  Their  Effects  In  1-D  Ozone 
Depletion  Modeling  (Cl 0 ^ Reactions  excluded).  August  1976 

During  CIAP,  a considerable  effort  went  into  the  study  of  reaction 
rates,  and  recommended  rates,  with  estimated  uncertainties,  were  established 
(see  CIAP  Monograph  1,  Chapter  5).  As  a practical  matter,  the  recommended 
values,  and  the  same  general  sets  of  reactions  (ignoring  methane  oxidation 
reactions)  and  rates  were  generally  used  by  the  various  modelers.  The 
principal  differences  between  different  modelers'  results  thus  came  about 
due  to  differences  in  the  1-D  "dynamics"  employed;  i.e.,  the  Kz  profile. 

As  a result,  modelers  tended  to  agree  as  to  the  sign,  but  not  necessarily 
the  magnitude  of  the  effects,  of  N0X  on  ozone.  Also,  some  tendency  resulted 
to  underestimate  the  uncertainties  involved,  a factor  of  2 being  quoted  in 
the  NAS  report  (p.  29)  for  the  Hunten  model  results  at  19*5  km,  a factor  of 
3 at  16.5  km,  and  a factor  of  10  "either  way"  for  subsonic  aircraft. 

The  question  of  uncertainties  in  ozone  effects  due  to  uncertainties  in 
the  chemical  thermal  reaction  rates  has  been  pursued  subsequent  to  the  CIAP 
effort  by  a group  at  Lawrence  Livermore  Laboratory  (Duewer  et  al.,  1976a). 
Uncertainties  in  photodissociation  rates,  or  those  due  to  thermal  feedback 
effects,  scattering,  etc.,  were  not  included.  The  results  show  that  true 
uncertainties  are  generally  larger  than  estimated,  as  well  as  the  possibil- 
ity (or  as  shown  earlier  for  the  case  of  subsonic  aircraft,  the  probability) 
that  the  sign  of  the  effect  may  be  incorrect. 

The  procedure  uced  by  Duewer  et  al.,  (1976a)  was  to  study  ozone  column 

perturbations  in  a 1-D  model,  for  given  NC>X  input  conditions,  as  reaction 

rates  were  systematically  varied,  within  the  uncertainty  ranges  quoted  by 

the  NBS,  to  maximize  or  minimize  the  effects  on  ozone.  The  reactions  used, 

and  their  range,  are  given  in  Table  3.16.  Three  basic  cases  were  considered. 

In  Model  A,  rates  used  in  CIAP  were  used,  with  the  important  exception  that 

reaction  19  (OH  + H02  -*  H20  + 02)  was  set  equal  to  2 x 10-11  cmVsec,  [a 

value  preferred  by  modelers  of  the  halocarbon  problem  (NAS,  1976a)]  rather 

than  2 x 10-10,  as  in  CIAP.  kith  2 x lO-^-0,  the  model  was  termed  Model  A' 

In  Model  B,  the  rates  were  set  '•o  the  end  of  the  uncertainty  range  which 

maximized  the  destruction  of  ozone.  In  Model  C,  the  reactions  were  set  to 

minimize  destruction  of  ozone.  In  further  refinements,  the  fate  of  NO^  was 

varied,  either  to  form  NO  + 02,  which  destroys  ozone,  or  to  N02  + 0,  which 

has  no  effect  on  ozone;  these  possibilities  were  given  subscripts  1 or  2, 

respectively.  Finally,  in  recognition  of  the  low  probability  of  either 

Model  B or  C being  correct,  a model  study  was  made  (models  C'^  and  C'2) 

in  which  only  four  critical  rates  were  set  (plus  Reaction  19)  to  the  NOx- 

minimizing  end,  and  these  reactions  *-hus  examined  further.  Photolysis 

rates  and  temperature-dependence  facto. 3 were  left  unchanged.  The  K profile 

z 

used  was  that  of  Chang/197^,  with  exceptions  to  be  noted. 
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TABLE  3.16.  REACTIONS,  REACTION  DESIGNATORS  AND  RATE  PARAMETERS 
FOR  THE  VARIOUS  MODELS  USED  IN  UNCERTAINTY  ANALYSIS 
SOURCE:  Duewer  et  al.,  1976a 


Reaction 

Formula 


0.  ♦ hv  * 0 ♦ 0, 


NO,  ♦ hy  ♦ HO  + 0 


NO  ♦ hv  ■*  N ♦ 0 


MOj  ♦ hv  * OH  * 0 
N0}  ♦ hv  - NO  ♦ Oj 
MO,  ♦ hv  * NO,  ♦ 0 


Photo lyt It  Kata*  at  tha 
Altitudai  for  Hodel 


Indicated 

A, 


55  km 

30  km 

15  km 

7.74  - 

•o'1* 

1.50 

X 

to"1 

0.42  x 

i 

2.00  n 

to"* 

2.*l 

X 

10'* 

2.07  x 

to'* 

A. 75  x 

10" 

5 15 

X 

to*5 

7-90  x 

I0-* 

5.03  x 

10" 

*15 

X 

to'] 

4.74  x 

to'5 

A.  IX  x 

to'7 

2.05 

X 

to'* 

1.44  x 

to"* 

1.3$  x 

to" 

8.90 

X 

to-'0 

7.30  x 

to'57  j 

4.31  x 

to'5 

*.78 

X 

I0*‘ 

3.21  x 

to'7 

0.25  x 

I0'S 

8.39 

X 

.»-* 

2.22  x 

to'* 

1.90  x 

10** 

3.W 

X 

10** 

1.70  x 

It)'10 

Cither 

J10, 

or  JIOj  la  attumad 

to  be  tha 

only 

fata  of  NOj  at  It  Indicated  by  modal  iubtcrlpt. 


Arrhenlut  A Factor 
for  Indleatad  Hodal 


Tampa ratura 
Oapandanca 


©♦0j*H  + 0j*M 

0 ♦ Oj  * 20j 

K! 

1.07  x to"* 

0.91  x to'7* 

1.28  x to"* 

♦ 510. 

K2 

1.5  « to"1 

1.5  « to"' 

2.*  x to"1 

-2300. 

0j  ♦ NO  * NOj  ♦ 02 

K) 

9 x tO*,J 

11.8  x to'17 

7.  x to'17 

>1200. 

0 ♦ NOj  - NO  ♦ 02 

K4  . 

5.1  x to"1 

10.*  x to"2 

7.5  . to"2 

— 

OjO  * o('o)  , ttj  ♦ Oj 

KS 

l.l  « to"" 

0,7.  I0"U 

1.7*  x to"0 

.. 

HjO  . 0< *0)  . 2N0 

r4 

l.l  x lO*10 

0.7  . I0"° 

1.7*  « to"0 

.. 

N ♦ Oj  ♦ NO  * 0 

K7 

l.l  « to'1* 

0.7  x to'1* 

1.7*  » to"* 

-3150. 

N ♦ NO  ■*  Hj  ♦ 0 
N ♦ NOj  ■*  2 NO 

K0 

2.7.  10'" 

2.,  , .0'" 

3.*  x to"1 

.. 

K$ 

8 x to"2 

8 , to"2 

0. 

.. 

o('o)  ♦ HjO  « 2 OH 

MO 

3.5  , 

2.8  x lO'10 

*.*  x to"0 

.. 

0('d)  ♦ CH4  ■*  OH  ♦ CHj 
0,  ♦ OH  - HO,  ♦ 0, 

Kll 

*.  x I0*10 

3.2  x to"0 

5 x IO'10 

.. 

KI2 

1.8  , 10"2 

0.8  x to"2 

3.2,  to"2 

-1000. 

0 ♦ OH  ♦ Oj  ♦ H 

Kl  3 

*.2  x 10'" 

2.7  x to"’ 

8.7  x to"1 

.. 

Oj  ♦ HOj  ♦ OH  ♦ 20j 
0 ♦ HOj  ♦ OH  ♦ Oj 

KI4 

1.0  x to"1 

0.5  x to'17 

2.0  x to'17 

-1250. 

KI5 

8,  10'" 

2 , .0'" 

52.  . 10'" 

- 500. 

H ♦ 0,  ♦ H ♦ HO.  ♦ H 

RI4 

2.08  x 10*” 

2.**  x IO*72 

1.77  x to"2 

♦ 290. 

H ♦ Oj  ♦ OH  ♦ Oj 
MO.  ♦ HO,  * H.O,  ♦ 0, 

R17 

1.23  x to"0 

1.0  x IO'10 

1.55  x to"0 

- 542. 

Kie 

3 x to'11 

8 x IO'" 

1.5  x to'11 

- 500. 

HOj  ♦ OH  •*  HjO  ♦ Oj 
OH  v NOj  8 HNOj 
OH  ♦ HNOj  - HjO  ♦ NOj 
H,0,  ♦ OH  * H,0  ♦ HO, 

R19 

2 , I0*"‘‘ 

2 x to"0 

1.5  X to'" 

.. 

R20~ 

* . Ifl"'2 

2 x IO*'2 

8 x to'12 

R2I 

8.9  it  to"* 

*.5  . to"* 

l.l  x to"17 

— 

R22 

1 .7  x 10'" 

2.7  x to"1 

l.l  x to'" 

- 910. 

Nj  ♦ O(’O)  ♦ H - NjO  ♦ H 
N ♦ NOj  * NjO  ♦ 0 
NO  ♦ 0 ♦ M * NO,  ♦ H 

R23 

2.8  x to** 

5.4  x to"* 

1.*  X I0'7t 

82* 

9 x to'12 

5 x IO'12 

1 , .O'12 

— 

M$ 

3.9*  x to'77 

2 x to"7 

a , to"7 

♦ 9*0. 

NO  ♦ HOj  * NOj  ♦ OH 
OH  ♦ OH  -*  HjO  ♦ 0 

K24 

2 x 10'" 

8.5  x to"* 

8.)  X to"7 

.. 

R27 

t , 10'" 

1.8  x IO'" 

0.45  x to"1 

- 550. 

N ♦ Oj  * NO  ♦ Oj 

NOj  ♦ Uj  - NOj  ♦ Oj 

OH  ♦ CH^  * HjO  ♦ CHj 
OH  ♦ OH  * H + HjOj  ♦ H 

R20 

5.7  x to"7 

l.l  x to"2 

l.l  x to"7 

.. 

R29 
R JO 

1.23  X to"'5 
2.38  x !0'12 

1 .55  x to"7 
2. IS  x to'12 

1.  . .O'17 
2.8  , IO'12 

-2470. 

-1710. 

RJI 

2.5  x to"7 

*.  x IO'77 

1.8  x to"7 

♦2500. 

HjOj  ♦ 0 * OH  ♦ HOj 

KJ2 

2. 79  x to"2 

2.3*  x to"2 

3.23  x to'12 

•2125. 

0('ol  . H - 0 *'H 

R33 

5.85  x to"1 

8.1*  x to"1 

8.28  x 10'" 

-- 

CHj  7 2Hfl,  t CO 

Attuned  to  be 

the  only  fata  of  CHj 

*Con*tant  A In  X • A exp(C/T)  in  on  I tt  of  ca^/tac  (cm* /tec  for  3 body  proceaiet) 

Constant  C In  X ■ A e«p(C/T) 

Hodel  A1  dlffart  from  A only  In  that  R19  la  »at  to  2 n 10  tha  value  uaad  In  moit  of  tha  CIAP 
experiment!. 

*R20  It  prattura  dapandont.  In  our  nodal  MO  - K[H]/(1.12  ■ 10**  ♦ t«l)  where  R la  value  tabled 

above.  Thla  It  a fit  to  the  altitude  dependant  exprettlon  given  by  Hampton  and  Garvin  0975). 


Input  NOg  rate  was  2000  mol/cm^-sec  over  a 1-km  band;  this  corresponds 
to  2.46  x 109  kg/yr  of  NOx  (as  N02'  on  a global  basis.  Results  might  also 
be  interpreted  as  "corridor"  results  for  a Northern  Hemisphere  fleet  emitting 
1.23  x 1G9  kg/yr,  as  was  done  in  the  CIAP  ROF  (1974).  In  round  numbers,  for 
the  17-km  injection  case,  using  COMESA  N0X  rates  per  Concorde  per  year 
(8  x 10^  kg/yr),  the  1.23  x 109  kg/yr  figure  corresponds  to  1500  Concordes; 
with  NAS  (1975)  numbers  (6.28  x 10^  kg/yr),  nearly  2000  Concordes  are  implied. 
The  equivalent  number  of  Boeing  2707s  (at  30  km)  is  arguable;  if  based  on 
the  1974  figures  (p.  101,  CIAP  R0F)  of  9.2  x 105  kg  N02/yr  per  B-2707,  the 
figure  corresponds  to  1340  Boeing  2707s.  If  based  on  the  1970  estimate  (same 
reference),  the  figure  corresponds  to  354  Boeing  2707s.  These  figures  ignore 
a slight  altitude  correction;  i.e.,  17  km  and  20  km  are  not  the  proper  weighted 
cruise  altitudes  for  these  aircraft. 

Water  effects  were  studied  briefly  by  arbitrarily  increasing  the  water 
content  of  the  stratosphere  at  all  points  by  10  percent  in  several  cases. 

The  various  results  are  summarized  in  Table  3.17. 

TABLE  3.17.  PERCENTAGE  OZONE  DEPLETIONS  (GLOBAL  AVERAGE) 

WITH  VARIATION  IN  THERMAL  RATE  CONSTANTS, 

CHANG/1974  K,;  2.46  x 109  kg/yr  N0X  INJECTION 
SOURCE;  Duewer  et  al . , 1976a 


"CIAP" 

I,,  ■ 1 I 10-’° 

*19  ‘ 

2 x 10'" 

Maximized 

Minimized 

Minimized 
4 Rates 

Injection  Altitude, 
km 

'Ll.  Li 

KJ_ 

B 

!l 

fi 

Li 

ill 

17 

- 4.36  - 3.52 

- 1.75 

- ^16 

- 8.06 

♦ 1 .74 

♦ 2.22 

♦ 0.61 

♦1.01 

20 

- 9.79  - 8.47 

- 5.21 

- 4.03 

-15.92 

♦ 1.61 

+ 2.64 

-0.20 

+0.70 

35 

-17.24  -15.34 

-14.06 

-12.46 

-25.11 

-6.42 

-4.77 

-9.20 

-7.80 

1.1  * h2o* 

• 0.03  - 0.01 

- 0.14 

- 0.21 

+ 0.15 

-0.52 

-0.54 

-0.35 

-0.38 

1.1  X H20,  17 

- 4,25  - 3.48 

- 1 88 

- 1.34 

- 7.89 

+ 1.23 

♦ 1 .67 

+0.26 

+0.63 

1.26  x HjO.  20‘» 

•No  N0X  Injection. 

- 9.56  - 8.37 

- 5.  55 

- 4.50 

-15.48 

+0.28 

+ 1.21 

-1.11 

-0.29 

•♦Estimated  by  ID*, 
fifth  rows. 

The  water  effect  In 

all  ckses 

is  taken 

as  the  difference  between  the 

first  and 

The  "CIAP"  A'^  and  A'2  results  are  not  identical  to  those  reported  in  the 
ROF  [p.  B-17  (note  that  there  is  a 10-fold  NOx  rate  error  on  page  B-17  ROP); 
also  p.  E-59],  which  at  17  km  would  be  about  5.1  percent,  or  at  20  km,  about 
10.7  percent.  The  CIAP  ROF  numbers  corresponded  to  A'1  in  terms  of  the  NO-^ 
photolysis  reactions.  The  differences  between  CIAP  and  current  results  may 
be  due  to  inclusion  of  the  CH^^^  H02  + CO  ozone-forming  reactions;  also, 
a "half  sun"  (current)  rather  than  a full  sun  (CIAP)  or  change  in  removal 
mechanism  (rainout)  may  have  affected  results. 
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The  data  shown  in  Table  3*17  are  cf  obvious  significance  to  the  SST 
problem.  The  first  point  is  that  use  of  a smaller  value  of  K,n  (2  x 10-1^ 
cm  /sec)  reduces  effects  previously  computed  substantially.  If,  following 
a recent  recommendation  attributed  to  H.S.  Johnston  (see  Table  3.1),  It  is 
assumed  that  the  NO^  photolysis  goes  one-third  via  route  1 and  two-thirds 
via  route  2,  then  a weighted  A^-Aj  value  can  be  estimated  as  -1.36  percent 
at  17  km  versus  -4.34  percent  in  A"1  or  -5-1  percent  in  CIAP,  a reduction  of 
some  70  percent.  A second  point  is  that  the  uncertainty  as  to  the  effect  is 
much  greater,  with  results  at  17  km,  for  example,  ranging  from  -8. 06  percent 
to  +2.22  percent.  Note  that  the  CIAP  result  (-5.1  percent)  is  closer  to  the 
Model  B result  (-8,06  percent)  than  to  the  Model  C result  (+2,22  percent). 
This  is  because  of  the  powerful  effect  of  the  reaction  19  on  the  CIAP  result. 
Similar  points  could  be  noted  with  regard  to  the  higher  altitude  injections. 
The  35-km  injection  is,  of  course,  purely  academic,  involving  as  it  would 
necessarily,  some  form  of  hypersonic  (ca.  mach  8)  vehicle. 

Ho  rigorous  way  (even  within  the  1-D  context  1)  apparently  exists  to 
model  the  water  effect  in  a 1-D  model.  However,  using  an  injection  coef- 
ficient approach,*  with  the  Chang/1974  profile  a water  mixing  ratio  enhance- 
ment of  10  percent  is  found  for  17-km  injection.  Similarly,  at  20  km,  the 
enhancement  is  26  percent.  fhe  values  quoted  in  the  two  bottom  rows  of 
Table  3.17,  which  Include,  in  an  approximate  way,  the  simultaneous  effects 
of  water  and  NOx  addition,  may  thus  be  considered  the  most  plausible  for 
this  K„  profile  under  the  various  conditions.  Note  that,  wnere  N0„  effects 
are  minimized,  water  effects  are  maximized,  so  that  it  appears  to  be  im- 
portant to  include  the  water  effects.  The  figures  In  the  bottom  row  have 
been  estimated  assuming  linearity  and  ignoring  differences  in  the  profile 
below  20  km  for  the  injection  coefficient  and  Lawrence  Livermore  Laboratory 
approaches . 

Runs  were  also  made  by  Duewer  et  al.,  (1976a)  using  the  Hunten/1974 
(without  2 -km  adjustment),  Crutzen/1974 , and  Wofsy/1975  profiles,  for  various 
sets  of  chemical  reaction  rates.  Results  are  shown  in  Table  3.18. 


*The  injection  coefficient  (Appendix  D)  at  17  km  is  1.223  x 10"  ^ 
cm2-sec;  the  water  emission  index  is  taken  as  1250  gm/kg;  the  NO 
emission  index  Is  taken  as  18  gm/kg.  Background  water  vapor  was* 
about  4.32  ppmv  on  this  model.  Calculated  enhancement  is  0.434  ppmv. 
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TABLE  3.18.  OZONE  DEPLETIONS  (GLOBAL  AVERAGE)  FOR  VAR 3 OUS  K 
PROFILES  AND  CHEMICAL  REACTION  RATE  SETS;  NO 
INJECTION:  2.46  x 109  kg/yr  AT  17  km 

SOURCE:  Duewer  et  al.  , 1976a 


£2 

B 

fl 

£2 

Chang/1974 

-1.75 

•1.16 

- 8.06 

+ 1.74 

+ 2.22 

Crutzen-Isaksen/1975 

-1.32 

-0.95 

- 5.10 

+ 0.68 

+ 1 .02 

Wofsy/1 975 

-4.88 

-3.41 

-14.74 

+ 0.47 

+ 2.08 

Hunten/1 974 

-6.68 

-4.60 

-16.95 

-1.69 

+ 1.00 

Note  the  powerful  effects  of  the  rate  uncertainties;  even  the  Hunten  Kz 
profile  gives  ozone  enhancement  in  Model  C2* 

In  Intercomparing  the  results  in  Table  3.18,  an  interpretation  problem 
arises.  As  noted  earlier,  the  "corridor"  value  at  a given  NOx  input  rate 
was  taken  in  the  CIAP  ROF  as  being  equal  to  the  global  average  value  at  ' 
twice  the  input  rate.  For  the  Hunten  profile,  the  further  problem  enters 
of  the  2-km  adjustment  recommended  for  mid-latitude  flight;  according  .to 
this  recommendation,  the  value  shown  for  the  Hunten  pr^ile  should  apply  to 
the  hemisphere  for  flight  at  15  km,  for  half  the  total  input  rate,  i.e., 
1.23  x 109  kg/yr.  For  comparison  to  these  results,  the  formulae  given 
earlier  (Section  3.4.1;  also  NAS,  1975,  pp.  116-119)  can  be  used  (for  1.23 
x 109  kg/yr,  at  a model  injection  altitude  of  17  km)  to  gi're  8.97  percent 
depletion. 


Duewer  et  al.,  (1976a)  make  several  additional  important  points.  The 
first,  and  probably  most  important  of  these,  is  that  in  spite  of  the  wide 
diversity  of  reaction  sets  employed,  the  available  trace  measurements  data 
are  sufficiently  spread  so  that  none  of  the  models  can  be  excluded  on  the 
basis  of  measured  NO,  NOg,  N20,  HNO^ , or  0^  data.  Observed  OH  data,  however, 
(Anderson,  1976)  are  most  easily  consistent  with  the  lower  value  for  which 

would  eliminate  Model  D as  constituted.  Computed  CH^  data,  using  these  differ- 
ent chemistries,  which  would  be  of  Interest,  are  not  given.  Also,  computed 
profiles  of  various  species  are  given  only  for  the  Chang/1974  Kz  profiles. 

A second  point,  of  perhaps  less  practical  interest,  is  that,  with  the 
different  models,  the  relative  importance  of  ozone  destruction  rat  by  the 
N0„  and  H0„  cycles  and  the  Chapman  reactions  is  greatly  altered.  The  HO 
cycles  become  more  important  and  the  N0X  cycles  less  important  as  reaction 
sets  move  from  B to  C.  (C10x  reaction  cycles  were  not  included  in  these 
calculations . ) 

Five  reactions  are  considered  to  be  of  greatest  importance  by  Duey/er 
et  al.,  (1976a).  These  reactions,  set  to  their  appropriate  uncertainty 
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limits,  comprise  Model  C',  As  shown  in  Table  3.17,  ignoring  H20,  effects 
on  ozone  are  small  or  positive  with  this  set,  independent  of  Kz  profile. 
The  reactions  are; 


H02  + HO  H20  + 02 

(Ki9) 

ho2  + o3  + ho  + o2 

(Ki4  ) 

ho2  + ho2  •*  h2o3  + o2 

(Ki8) 

HQ,  + NO  + NO,  + HO 
d M d 

(k26) 

HO  + N02  -*■  KN03 

(k20) 

H02  reactions, 

in  general,  are  very  important  to  the  ozone  problem. 

Because  of  reaction 

26,  N02  formation,  followed 

by  photolysis,  is  a source 

of  ozone.  These  reactions  have  been  reviewed  by  Duewer  (private  communica- 
tion, September  1976).*  In  general,  more  data  are  needed  on  all,  and  all  are 
difficult  on  which  to  get  data.  Temperature  dependence  data  for  several  of 
the  reactions  are  unavailable.  Available  data  are  in  conflict,  particularly 
in  view  of  measurements  which  yield  reaction  rates,  not  in  absolute  terms, 
but  in  terms  of  certain  products  and  ratios  of  rates  (see  DeMore  and 
Tschuikow-Roux,  1974).  However,  of  these  five  reactions,  Duewer  (private 
communication,  September  1976)  on  reviewing  the  data  considers  only  KlJ(  and 
K2g  to  approach  values  used  in  Model  B,  whereas  the  other  three  all  seem  to 
approach  (or  in  the  case  of  K20  to  be  more  extreme  than)  those  used  in 
Model  C.  He  estimates  subjectively  that  the  probability  of  Model  C'  repre- 
senting the  stratospheric  response  to  N0X  is  of  the  order  of  1 percent. 

The  foregoing  results  have,  of  course,  all  come  from  1-D  models  with 
all  their  limitations.  Furthermore,  as  noted  earlier,  the  decoupling  of 
chemistry-generated  stratosphere  dynamics  in  several  of  the  profiles**  while 
studying  effects  of  varying  chemistry  can  be  questioned.  Also,  unless  C or 
C'  chemistry  is  correct,  a probably  more  important  question  relates  to 
which  of  the  various  Kz  profiles  is  to  be  preferred.  Uncertainties  in 
effects  will  be  reduced  only  as  more  kinetic  data  become  available  and  as 
more  tracer  data  are  used,  preferably  in  models  of  higher  dimensionality. 

3.4.7  Fall  1976  Lawrence  Livermore  Laboratory  Results  (1-D,  showing 
chlorine  effects,  water  effects,  and  1990  fleet  effects) 

A . Introduction 

The  intensive  studies  carried  out  during  1975-1976  on  the  effects 
of  halocarbons  on  stratospheric  ozone  had  an  impact  in  a number  of  important 
ways  in  the  evaluation  of  N0X  aircraft  effects  on  stratospheric  ozone. 

* See  Duewer,  et  al. , 1976c  for  detailed  discussion  of  reactions 
K12 , Kl4,  Kl8,  K19,  K20,  and  K26. 

**The  Chang/1974  profile  was  not  based  on  methane  profiles  or  the 
chemistry  of  methane  destruction. 
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These  changes  came  about  due  to  revisions  in  "best  values"  of  certain  rate 
constants  and  due  to  recognition  of  interaction  between  chlorine  catalytic 
cycles  and  N0V  catalytic  cycles,  and  to  revisions  in  K profiles,  in  par- 
ticular  the  Chang/1971)  profile.  To  illustrate  these  effects  and  to  show 
computed  effects  of  future  fleets,  a series  of  1-D  runs  were  made  at  Law- 
rence Livermore  Laboratory  (September-October , 1976).  These  results  are 
summarized  here.  The  revisions  in  input  data  follow. 

B.  Chemistry 

A complete  listing  of  "1976  chemistry"  as  used  by  Lawrence  Livermore 
Laboratory  is  given  in  Table  3*19.  This  listing,  in  general,  follows  the 
"A"  chemistry  listed  before,  with  revisions  in  0(1D)  reactions  (Kg,  Kg,  K1Q, 

Kll*  K33^  and  in  reactions  ki8  + and  ^20  + N02  + » of'  these, 

the  last  change  is  the  most  important,  the  expressions  as  used  being  satis- 
factory in  the  stratosphere,  although  somewhat  too  slow  in  the  troposphere 
(D.  Wuebbles,  private  communication,  October  1976).  Note  that,  as  in  "A" 
chemistry,  the  critical  reaction  OH  + HO„  •*  H~0  + 0,  has  been  assigned  a 

-11  3 C <L  C 

rate  of  2 x 10  cm  /sec . N0^  photolysis  was  assumed  to  proceed  66  percent 

in  the  "do-nothing"  cycle  (N02  + 0)  and  31)  percent  in  the  ozone-destroying 
path  (NO  + 02) . 

Chlorine  chemistry  as  used  by  Lawrence  Livermore  Laboratory  is  included 
in  Table  3.19.  Note  that  important  interactions  occur  between  the  C10x  and 
the  N0X  cycles  in  reactions  Kh 5 and  K48.  Also,  K19,  which  strongly  affects 
the  calculated  OH  content,  interacts  with  K20  and  K51* , with  low  values  of 
K19  reducing  the  effects  of  added  N0X  and  increasing  the  effectB  of  added 
chlorine . 

Perturbation  runs  made  with  the  above  chemistry  follow  below.  However, 
for  comparison,  runs  were  also  made  with  "partial  Widhopf  chemistry,"  which 
differs  from  the  above  by  excluding  chlorine  chemistry  and  in  choice  of 
rates  for  the  OC^D)  reactions  K5,  K6,  K10,  and  K33.  The  Lawrence  Livermore 
Laboratory  model  assumes  instantaneous  conversion  of  CH^  to  2 HO,,  + CO  as 
a simplified  substitute  for  the  more  complex  methane  oxidation  reactions 
used  by  Widhopf  (see  Section  3. ^.8)  and  Crutzen  (Section  3. ^.5)  and  may  well 
understate  ozone  production  in  this  process  (W.  Duewer,  private  communica- 
t;  n,  September  1976). 

In  addition,  because  of  still-remaining  uncertainties  about  chlorine 
nitrate,  runs  are  reported  below  with  and  without  inclusion  of  chlorine 
nitrate.  The  rationale  is  that  the  computed  quantity,  and  thus  significance, 
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TABLE  3.19. 
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LLL  1976  CHEMISTRY: 
Source : 


Ox , NOx,  and  HOx 


Lawrence  Livermore  Laboratory,  Fall  1976 

CIO,  Ch.hl.try 


OxilxnxtUft* 

W.ittHh 

» ftcur» 

i\ 

O,  ♦ hv  ■*  O ♦ 0 

oon) 

J2 

Oj  ♦ hv  ♦ 0 * 0, 

00(1) 

J1 

0,  ♦ hv  » 0(’o)  » Oj 

00(9) 

K1 

0*0,  * H » 0,  ♦ H 

1.0?  » 10-’*  »«o(910/T) 

Kt 

0 ♦ 0,  * 10, 

1,9  » 10'”  .«p(-9900/7) 

04 

NO,  * hv  * WO  ♦ 0 

00(9) 

It) 

0,  * WO  * WO,  * 0, 

9.0  « 10‘”  h«p(-l900/7) 
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o * wo,  • wo  * o, 

9.1  » 10"” 

01 

W,0  ♦ hv  * W,  * ot’o) 
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W,0  * 0(’o)  * w,  ♦ 0, 

? * 10"” 

XI 

W, 0 ♦ o('o)  ♦ IWO 

? » 10*” 

04 

WO  ♦ hv  • W ♦ 0 

00(9) 

K? 
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XI 
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0('o)  * H, 0 » IOH 
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X1 1 
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Kit 
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XU 
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XII 

0 * HO,  * OH  « 0, 

XII 

H ♦ 0,  * H ♦ HO,  » H 

XI 7 

0,  • H • OH  ♦ 0, 
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HO,  « HO,  * H,0,  ♦ 0, 
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HO,  * OH  * H,0  ♦ 0, 

KtO 

OH  ♦ WO,  * N * HWO,  * 

K21 

OH  ♦ HWO,  * H,0  ♦ WO, 

01 

H,0,  * hv  * 90H 

K22 

H,h,  ♦ OH  * H,0  ♦ HO, 

Xtl 

W,  ♦ o(’o)  » W * W,0 

XI 4 

W * WO,  » W,0  * 0 

Xtl 

WO  ♦ 0 * w ♦ WO,  ♦ w 

Xtl 

WO  * HO,  * WO,  * OH 

Ktll 

H,  * O(’O)  ♦ OH  * H 

XI? 

OH  * OH  * H,0  • 0 

Xtl 

W ♦ 0,  » WO  ♦ 0, 

Xtl 

WO,  * 0,  * WO,  ♦ 0, 

Of 

HO,  * hv  * OH  • 0 

X JO 

OH  ♦ OH,  * H,0  ♦ OH, 

XII 
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Kit 
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Kttl 
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Kll 
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jioc 
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019, 
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CH,  * 9 HO,  ♦ CO 
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TABLE  3.19.  (CONTINUED) 


°i«iiatll°a* 

Mutton 

Arrhtnlui 
A Factor** 

K34 

Cl  ♦ o3  ♦ CIO  ♦ o2 

2.97  a 10’"  aap(  -243/T ) 

K3S 

Cl  + OCIO  * 2C10 

8. 8 a If” 

KM 

Cl  ♦ 02  ♦ M * ClQj  < H 

1.7  a 10-”(^> 

K37 

Cl  ♦ CH4  ■*  KC1  4 CHj 

s.4  > to-1*  iiil-mt/T) 

K)t 

Cl  ♦ cio2  - ci2  + o2 

8 K 10'” 

K39 

Cl  4 C102  - 2C1 0 

1.4  a to-’* 

K4Q 

Cl  ♦ HO  ♦ N ♦ C1N0  4 n 

1.7  a 10'“  pap(SSJ/T) 

K41 

Cl  ♦ C1N0  ♦ Cl,  * NO 

J.O  a 10"” 

K42 

Cl  ♦ NOj  ♦ N ♦ C1N0|  4 N 

(.»  a 10"14  «ap(211S/T) 

K4| 

Cl  ♦ Cl  NO,  4 Cl2  ♦ N02 

J.O  a 10'” 

K44 

CIO  ♦ 0 ■*  Cl  ♦ Oj 

l.JI  a to'11  tap(*»S/T) 

K4S 

NO  4 CIO  * NOj  4 Cl 

1.11  a 10'”  tap(i200/T) 

K46 

CIO  M}*  C102  4 02 

1,0  a 10*’*  pap(-2783/T) 

K47 

CIO  4 o3  ■»  0C10  4 o2 

1.0  a 10'”  »ap(.J74J/T) 

K4| 

CIO  4 N02  5 CINOj 

O.OS  • HPO,  formation 

K49 

CIO  4 CIO  -*  Cl  4 0C10 

t.O  a 10'”  papt - J100/T) 

K 10 

CIO  4 CIO  4 Cl2  4 o2 

2,0  a 10’”  tap(-1260/T) 

KS1 

CIO  4 CIO  ♦ r.1  ♦ C102 

2 a 10'”  a«p(-12IO/T) 

Kit 

HC1  4 0( 1 0)  -4  Cl  4 OH 

2 a 10'10 

KBS 

C 1 MO j 4 HCl  4 02  4 HNOj 

0.0 

KI4 

OH  4 HCl  * H20  4 Cl 

2.0  a 10'”  oap(-310/T) 

KS5 

0 4 HCl  4 OH  4 Cl 

1.78  a 10'”  aapt  -2273/T) 

KM 

C102  4 H 4 Cl  4 02  4 M 

1.1  a 1 0‘*  pap(-4000/T) 

KB  7 

0 4 0C10  4 CIO  4 o2 

8.0  a 10'” 

KBS 

NO  4 0C10  4 N02  4 CIO 

3.4  a ID"” 

KB9 

N 4 0C10  4 NO  4 CIO 

t.O  a 10'” 

KIO 

H 4 OCIO  4 OH  4 CIO 

8.7  a 10'” 

KB1 

Cl  4 OH  4 HCl  4 0 

2.0  a 10'”  »ap(-H7l/T) 

KM 

Cl  ♦ H02  4 HCl  4 02 

3.0  a 10'” 

KBS 

Cl  4 HNOj  4 HCl  4 NOj 

4.0  a 10'”  aipt-1800/T) 

KS4 

Ct02  4 H02  4 HCl  4 2 0 2 

J.O  a 10"” 

Cl2  ♦ hv  4 2 C 1 

000(1) 

HCl  4 hv  4 H 4 Cl 

QCO (!) 

C102  ♦ hv  4 CIO  4 0{*0) 

000(3) 

CIO  4 hv  4 Cl  40 

000(4) 

CIO  4 hv  4 Cl  4 Ol'o) 

OCJ(t) 

C 1 NO  4 hv  4 cl  4 NO 

000(8) 

C1N02  4 hv  4 Cl  4 N0| 

000(7) 

OCIO  ♦ hv  4 CIO  4 0( 1 0) 

oco(i) 

OCIO  4 hv  4 CIO  4 0 

000(8) 

cr2ci2  ♦ hv  4 tci 

000(10) 

crcij  4 hv  4 2.1  ci 

000(11) 

cci4  4 hv  4 2C1 

000(12) 

KB  5 

crcij  4 o( 1 o)  4 tci 

8.1  a 10"10 

KM 

cr2ci2  4 o^o)  4 ici 

8.3  a 10',# 

KB  7 

Cl  4 H2  4 HCl  4 H 

8.7  a 10'”  pap(  -2400/T) 

KBS 

Cl  4 H702  4 MCI  4 H02 

1.0  a 10'”  <ap(  -81 0/ T ) 

KM 

0 4 CINOj  4 do  4 NO  j 

2.1  a 10'” 

K70 

OH  4 CHjCl  « H|0  4 H0|  4 HCl 

l.tt  a 10'”  pap(  -1048  /T) 

of  ClONOj  depends  on  diurnal  averaging  procedures  as  well  as  on  the  multiple 
scattering  effects.  Results  cited  with  C10N02  are  thought  to  provide  a 
best  estimate  if  multiple  scattering  is  not  included.  The  "truth"  may  lie 
between  effects  computed  with  and  without  ClONOg,  although  C10N02  is 
necessarily  included  in  any  best  estimate,  and  diurnal  effects  are  clearly 
significant. 

C.  K Change 

As  noted  in  Section  3.2.1  in  discussing  Fig.  3.13>  analysis  of  methane 
profile  data  by  Dickinson  (NAS,  1976a,  Appendix  B),  CFM  led  to  a revision 
of  the  upper  portion  of  the  "old  Chang"  or  Chang/197i*  K_  profile,  increasing 
eddy  dlffusivity  values  appreciably  in  the  region  above  20  km.  In  the  "new 
Chang"  or  Chang/1976  profile,  the  minimum  K„  occurs  at  20  km,  whereas  the 

Z 

minimum  was  at  29  km  in  the  "old  Chang"  profile.  (At  29  km,  the  new  value 
is  2.56  x 10  cm  /sec  rather  than  3.65  x 103  cm  /see;  at  50  km,  the  new 
value  is  2.35  x 10^  rather  than  5.^1  x 10^.)  In  addition,  the  "new  Chang" 

c c 

profile  uses  a lower  value  for  tropospheric  K„,  1 x 10^  rather  than  3 x lCr 

2 z 
cm  /sec.  The  remainder  of  the  profile  (10-20  km)  was  not  changed.  Further 

profile  data  are  given  in  Appendix  D of  this  report  (Table  D-3). 

D.  Resul ts 

Results  obtained  for  a variety  of  cases  are  given  in  Table  3>20.  The 
following  points  can  be  made: 

1 . Altitude  Effects  at  Constant  Injection  Rates  A series  of  runs  were 
made  at  a constant  input  rate  of  2000  molecules  N02/cm^  over  a 1-km  altitude 
layer.  As  before,  this  corresponds  to  2.H6  x 10^  kg/yr  as  N02  into  the 
global  atmosphere,  but  if  assumptions  made  in  CIAP  (197 ^ ) are  utilized,  can 
be  interpreted  as  the  effects  in  the  flight  corridor  of  a fleet  of  half  the 
size  (about  2000  Concordes  or  3000  advanced  subsonics,  using  NAS,  1975 
figures)  operating  in  the  Northern  Hemisphere.  Effects  at  different  alti- 
tudes of  injection  as  a function  of  the  background  chlorine  level  in  the 
stratosphere  are  shown  in  Fig.  3.26  for  the  Chang/1976  Kz  profile  and  in 
Fig.  3.27  for  the  Hunten  K„  profile.  Results  are  shown  with  and  without 
C10N02 . Water  effects  are  not  included.  The  chlorine  contents  correspond 
roughly  to  current  values  at  about  1 ppb,  to  a nominal  1990  value  at  about 
2 ppb  (assuming  minimal  further  growth  or  perhaps  a cutback  in  fluorocarbon 
production),  and  to  a 4 ppb  level,  which  is  probably  implausible,  representing 
continued  production  at  current  levels  or  some  growth,  at  some  undefined 
time  in  the  future.  The  same  data  are  plotted  in  different  fashion  in  Fig. 
3.28. 

The  results  with  the  Chang/1976  Kz  profile  show  slight  enhancement 
or  very  small  decreases  in  the  ozone  column  for  subsonic  aircraft  operating 


TABLE  3.20.  OZONE  MODELING  RESULTS,  SHOWING  EFFECTS  OF  K,  PROFILE 
AND  UX  CONTENT 

SOURCE:  Lawrence  Livermore  Laboratory  (LLL),  Fall  1976 

Chemistry 


Injection  NO  , 

Altitude,  , * , 

km  c.n  3 i»a"i 


Otone  Column*  ( 101®  cm*2)  or  % Cheng*  ( + or  -) 
With  (+)  end  Without  (-)  ClONOj 


C1X,1>2 
ppb  . 


Chene/1976 


+ CIONO- 


Chent/1974 
- ClONOj 


— 

— 

0 

8.541 

8.2135 

7.8266 

9 

2000 

0 

+0.066 

- .10 

— 

13 

2000 

0 

-0.098 

.08 

— 

17 

2000 

0 

-1.147 

-4.059 

-0.065 

20 

2000 

0 

-4.198 

-10.636 

-2.916 

— 

— 

M 

8.3689 

U.02>8.2i!|i<l.°2> 

8.0197 

(1.19)  7,995;(1‘^9) 

7.5112 

9 

200 

M 

— 

+0.0085 

— 

— 

9 

2000 

*1 

70,011 

+0.090 

0.117 

-0.043 

13 

200 

•N.1 

— 

♦0.0097 

— 

— 

13 

2000 

M 

-0.703 

+0.099 

0.163 

+0.057 

17 

200 

~1 

-0.063 

-0.029 

-O.160 

— 

17 

600 

*1 

-0.194 

-0.096 

-0.794 

— 

17 

2000 

*1 

-0.703 

-0.399 

-2.788 

-2.157 

+0.108 

20 

200 

•ul 

— 

-0.202 

— 

— 

— 

20 

2000 

•ul 

>3.259 

-2.605 

-8.762 

-7.841 

-1.289 

— 

— 

■V2 

8.2511 

(1'93)7.9569<2t0) 

7.9433 

(1.98)  7,7u6(2,0) 

9 

2000 

~2 

+0.091 

+0.108 

0.126 

+0.143 

13 

2000 

\2 

+0.088 

♦0.216 

0.198 

+0.283 

17 

200 

t2 

-0.028 

+0.030 

-0.103 

— 

17 

600 

\2 

-0.092 

+0,079 

-0.388 

— 

17 

2000 

-0.398 

+0.140 

-2.333 

-1.167 

20 

2000 

■V2 

-2.607 

-1.420 

-8.057 

-6.314 

— 

— 

t4 

8.0125 

(3-7)  7,w354<**-0) 

9 

2000 

*\,4 

+0.110 

+0.144 

13 

2000 

*\.4 

+0.242 

+0.483 

17 

200 

■v.4 

+0.045 

+0.152 

17 

600 

♦0.117 

♦0.436 

17 

2000 

♦0.231 

+1.241 

20 

2000 

<>,9 

-1.269 

♦1.029 

JC1X  1*  the  *um  of  eotive  ohlorln*  ipesle*  <prlnolpelly  Cl,  CIO,  HC1,  ClONOj). 
2Velue*  luperecrlpted  on  totel  0^  column  lndioete  eotuel  C1X  u»ed,  where  reported. 
32-km  flight  altitude  edjuetment  not  included. 
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FIGURE  3.28. 
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to  13  km.  The  Hunten  profile  shows  the  same  effects,  but  the  2-km  adjust- 
ment and  the  known  strong  change  in  effect  at  14  km  (12  km  adjusted)  suggests 
that  aircraft  operating  above  12  km  might  lead  to  ozone  depletion,  but  more 
runs  would  be  necessary  to  establish  the  point. 

2.  Linear! ty  The  question  of  linearity  of  effects  was  studied  in  a 
series  of  runs  also  with  and  without  C10N02  at  17-km  injection.  Results 
with  C10N02  are  shown  in  Pig.  3.29.  Some  curvature  appears  in  the  plot,  but 
it  is  not  clear  how  much  of  this  is  due  to  small  round-off  errors  or  conver- 
gence criteria  differences.  Based  on  these  data,  however,  the  assumption  of 
linearity  would  seem  to  be  acceptable  only  as  a rough  approximation,  even 
for  conditions  yielding  only  a few  percent  ozone  reduction. 

A superposition  run  was  made  for  the  following  conditions: 

K_  profile:  "new  Chang" 

z 

Background  1 ppb 

No  C10N02 

O 

Injection  rates:  200  molecules/cnr  sec 

Results  at  each  altitude  and  for  the  summed  injections  are  aB 
shown  in  Table  3.21. 

TABLE  3.21.  SUPERPOSITION  TEST  IN  A CHLORINE-CONTAINING  ATMOSPHERE 
(1  ppb  Cl  X) . EQUAL  N0X  RATES  AT  EACH  ALTITUDE.  OZONE 
CHANGE,  PERCENT. 

SOURCE:  Lawrence  Livermore  Laboratory,  1976 


A1 ti tude , 
km 

Ozone  Change,* 
Percent 

9 

+0.0085 

13 

+0.0097 

17 

-0.0292 

20 

-0.2021 

Sum 

-0.2131  (simple  addition) 

9,13,17,20 

-0.2204  (computed) 

*The  final  digit  is  probably  not  significant. 

The  dominance  of  the  value  at  20  km  precludes  firm  conclusions,  but 
linear  superposition  appears  to  be  a reasonably  good  assumption,  as  was  the 
case  without  chlorine  chemistry  (Section  3.4.3). 
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3.  Water  Effects  The  importance  of  water  in  a stratosphere  polluted 
by  C1X  and  NOx  was  suggested  by  Liu  et  al . , (1976).  The  paper  implied  a 
considerable  sensitivity  of  ozone  depletion  results  to  stratospheric  water 
vapor  content.  The  point  was  further  studied  at  Lawrence  Livermore  Labora- 
tory, using  conditions  as  follows: 

Injection  rate:  2000  mol/cm^-sec,  1-km  global 

Kz  profiles:  Chang/1976,  Hunten/1974 

C1X  contents:  1.12  ppb  at  40  km  (Chang/1976) 

1.28  ppb  at  40  km  (Hunten) 

Water  multipliers:  0,  1,  1.1  (or  1.2),  2,  5 

Baseline  water  content  above  14  km:  4.32  ppmv 

The  chemistry  used  was  "1976"  chemistry  (Table  3*19) 

Results  are  shown  for  the  "new  Chang"  profile  in  Fig.  3.30a  and 
for  the  Hunten  profile  (without  altitude  adjustment)  in  Fig.  3>30b.  Results 
follow  the  same  general  trends  as  reported  by  Liu  et  al.,  (1976).  However, 
some  interpretation  is  called  for. 

First  of  all,  the  scale  of  the  water  multiplier  must  be  noted;  A 
five-fold  change  in  water  vapor  would  be  possible  only  with  very  great 
positive  feedl  .ck  effects,  as  very  large  fleets  of  SSTs,*  at  20  km,  even 
with  residence  times  corresponding  to  the  Hunten  K profile,  would  be  re- 
quired  to  as  much  as  double  the  stratospheric  water  content  due  to  aircraft 
water  emissions  alone;  most  estimates  are  for  much  smaller  changes.  The 
large  values  used  by  Hu  et  al.  (1976)  were  based  on  an  assumed  positive 
feedbacK  in  which  a depletion  of  ozone  due  to  N0X  was  assumed  to  lead  to  an 
increase  in  the  tropical  tropopause  cold  trap  temperature  and  a corresponding 
increase  in  water  content.  The  most  probable  effect  on  the  tropical  tropo- 
pause temperature  is,  however,  unknown,  as  effects  of  NO^,  water  vapor,  and 
sulfates  would  need  to  be  determined  in  a satisfactory  model.  If  the  air- 
craft exhaust  water  vapor  effect  is  the  dominant  climatic  effect,  the  tro- 
popause temperature  should  decrease  rather  than  increase,  providing  a nega- 
tive feedback  effect  (Manabe-Wetherald , 1967;  COMESA,  1976,  p.  494).  A 
strong  effect,  however,  is  implied,  and  the  question  needs  further  study. 

The  solid  lines  on  Fig.  3-30  show  the  change  in  ozone  with  in- 
creased or  decreased  water  in  the  stratosphere;  an  increase  in  water  above 

s’Jsing  fuel  flow  per  advanced  SST  as  in  the  NAS  study  (9.1  x 10 
kg/yr),  a 1.25  gm/gm  water  emission  index,  a residence  time 
of  5.2  yr  fCIAP  ROF,  p.  19),  a hemisphere  factor  of  1.4,  and 
stratospheric  water  content  of  2 x 10*2  kg,  a fleet  size  of 
2400  advanced  SSTs  is  required  to  double  stratospheric  water 
content . 
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FIGURE  3.30.  Water  and  N02  Effects  on  Ozone  in  the  Presence  of  ~ 1 ppb  Active  Chlorine. 

A water  multiplier  of  1.0  represents  the  standard  model.  N0X  injection 
rate  2000  mol/cm^  sec  over  1 km  at  17  km  altitude. 

Source:  Lawrence  Livermore  Laboratory,  1976 


the  normal  value  (a  multiplier  of  1.0)  decreases  ozone.  The  daBhed  lines 
show  the  change  In  ozone  due  to  a specified  change  in  water  vapor  when 
coupled  with  a N0X  Injection  of  2000  mol/cm^-sec  over  1 km  at  17  km.  The 
dotted  lines  show  the  change  in  ozone  resulting  from  the  added  N0X,  relative 
to  what  might  be  termed  a natural  stratosphere  containing  more  or  less  water 
than  the  normal  model  atmosphere.  Note  that  crossovers  occur  (at  a multi- 
plier of  about  2.5  with  Chang/1976  and  a multiplier  of  about  4 with  Hunten/1974) 
where  the  NOx  addition  does  not  change  the  ozone  column.  If  the  stratosphere 
is  drier  than  the  model  atmosphere  implies,  NOx  effects  are  increased,  rela- 
tive to  those  in  the  model  atmosphere.  A further  interpretation  can  also  be 
made  using  the  dashed  curve  directly  if  an  estimate  of  the  change  in  strato- 
spheric water  for  a given  N0X  input  rate  can  be  made:  ignoring  feedbacks, 

the  Chang/1976  Kz  dashed  curve  should  be  read  at  about  1.1  multiplier  to 
get  the  combined  effect  and  about  1.3  for  the  Hunten  K curve,  assuming  a 
water  to  N0X  emission  index  ratio  of  1250/18.  Without  feedback,  the  water 
effect  appears  to  be  rather  small. 

4.  Resul ts  (1990-high  fleet,  modified;  no  chlorine)  The  modified  1990 
fleet  collapsed  to  1-D  was  run  by  Lawrence  Livermore  Laboratory  without 
chlorine  species,  to  be  consistent  with  the  Widhopf  model  runs.  Results 
were  printed  out  each  year  until  several  yearn  showed  the  same  values. 

Results  are  shown  in  Pig.  3-31.  Note  that  both  K„  profiles  show  slight  ozone 
enhancements,  in  spite  of  the  presence  of  an  equivalent  of  about  140  Con- 
cordes and  Tupolevs  operating  up  to  the  16-km  to  19-km  region.  The  "partial 
Widhopf"  chemistry  described  earlier  shows  slightly  smaller  net  effects.  A 
14-km  tropopause  was  used  with  the  Hunten  model;  i.e.,  a 2-km  altitude  adjust- 
ment was  not  made.  This  correction,  if  made,  might  well  have  put  the  total 
fleet  effect  with  the  Hunten  Kz  profile  on  the  negative  side.  Note  that  a 
substantial  number  of  years  of  operation  are  required  to  bring  effects  near 

to  equilibrium,  particularly  with  the  Hunten  K_  profile. 

z 

3.4.8  Average  2-D  Model  Results.  "1990  High"  Fleet  Effects 

A.  Model  Description  and  Tracer  Studies 

Widhopf  et  al.,  (1976)  have  recently  summarized  progress  and  results 
in  their  ?-D  time-dependent  photochemical  model  of  the  atmosphere.  This 
model  has  been  under  development  for  several  years,  first  under  CIAP  and  for 
about  the  past  year  under  HAPP.  The  model  is  briefly  described  by  Widhopf 
as  follows: 
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The  atmospheric  model  solves  the  time-dependent  species 
conservation  equations  for  the  transient  and  spatial  ’'rriatlon 
of  the  following  trace  species:  0(3p),  0(1D),  0,..  NO  NO,, 

N20,  HNOo,  N,  OH,  HO,,  H202,  H,  CHu,  and  CO  in  the  entire 
meridional  plane  continuously  throughout  the  year.  A 10-deg 
latitudinal  and  a 1-km  resolution  from  the  surface  up  to  35  km 
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is  used  lr.  the  computations.  A 2.5-km  resolution  is  used 
from  35  to  50  km.  Transport  by  mean  meridional  circulation 
and  large  scale  turbulent  eddies  is  also  included  by  para- 
meterization. A second  order  accurate  numerical  finite 
difference  scheme  is  used  to  solve  the  system  of  conser- 
vation equations  which  is  outlined  by  Widhopf  at  the  4th 
CIAP  Conference,  February  4-7,  1975.  The  reaction  system 
and  reaction  rates  used  in  the  model  are  listed  (in  Table 
3.22).  This  system  includes  smog  chemistry  together  with 
the  other  important  atmospheric  reaction  cycles.  Rain- 
out/washout  of  NOx,  HNO3,  and  H2O2  is  included  in  the 
model,  whereas  the  distribution  of  water  vapor  is  prescribed. 


FIGURE  3.31.  Global  Average  Ozone  Column  Changes  with  Time  Following  Introduction 
of  the  Modified  "1990-High"  Fleet  N0X  Emissions,  No  Chlorine. 

Data  Source:  Lawrence  Livermore  Laboratory,  19/6 

• The  smog  chemistry  referred  to  by  Widhopf  in  the  quotation  above 
is  the  methane  oxidation  chemistry,  as  used  by  Crutzen  (see  Appendix  A) 
(reactions  R47  through  R53)»  but  with  certain  rate  constant  changes  recom- 
mended by  D.  Garvin  (private  communication,  August  1976),  in  particular 
reactions  44,  46,  and  51*  for  which  the  Crutzen  model  values  are  given  in 
Appendix  A.  T£e  rest  of  the  set,  in  particular  changes  made  in  the  important 
reactions  12  and  16,  was  developed  from  CIAP  (NBS)  recommendations  and  as 
a result  of  Recommendations  by  Lawrence  Livermore  Laboratory. 

The  Widhopf  model  was  developed  Initially  UBing  diffusion  coeffi- 
cients as  presented  by  Luther  (1973)  and  the  mean  meridional  winds  as 
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developed  from  various  sources,  including  transport  of  particulate  radio- 
active debris.  Widhopf,  however,  found  these  data  to  provide  an  inadequate 
simulation  of  excess  carbon-14,  a gaseous  tracer,  produced  by  nuclear  weapons 
tests,  as  well  as  incorrectly  predicting  ozone  at  high  latitudes.  Widhopf 
thus  modified  the  transport  coefficients  using  the  data  on  excess  carbon-14 
as  a guide,  and  developed  modified  coefficients  which  adequately  simulated 
the  movement  of  excess  carbon-14  for  a 3-year  period  (with  some  exceptions 
as,  e.g.,  the  9-km  to  13-km  region  at  high  latitudes),  and  also  provided 
better  ozone-matching  at  polar  latitudes.  Other  photoehemically  active 
tracer  species  (NO,  N02,  HNO^,  OH,  and  CO)  were  also  examined,  with  a reason- 
able match  found  for  model-derived  values  to  the  various,  rather  uncertain, 
measurements.  The  model-derived  0^  values  are  compared  to  measurements  in 
Fig-  3.32.  The  general  agreement  is  seen  to  be  quite  good. 

Widhopf  has  carried  out  two  additional  tests  of  the  dynamics  of  his 
model.  The  first  involved  the  data  on  tvngsten-185  which  isotope  was 
deposited  by  an  explosion  at  11°  N in  the  summer  of  1958.  This  tracer  has 
been  used  in  a number  of  studies  of  stratospheric  motion.  Widhopf  found  his 
revised  coefficients  to  give  a somewhat  better  fit  to  this  data  than  did  his 
earlier  values.  Particulate  settling  was  not  included  in  these  calculations. 
The  second  test  involved  the  behavior  of  zirconium-95,  an  isotope  deposited 
at  about  18  km  and  4o°  N by  Chinese  weapons  tests  in  1967  and  subsequently. 
These  tests  were  of  particular  interest  being  at  mid-latitude  (rather  than 
equatorial,  as  were  the  tungsten-185  injections,  or  polar,  as  were  the  bulk 
of  the  excess  carbon-14  injections),  and  at  an  injection  altitude  near  that 
at  which  mach  2 SSTs  travel.  The  zirconium-95  data  are  treated  in  a 1-D 
sense  in  Appendix  C of  this  report.  These  data  showed  strong  differences 
with  season,  with  slow  removal  noted  following  summer  injections  and  rapid 
removal  noted  following  winter  injections.  The  particular  case  studied  (to 
date)  by  Widhopf  was  for  a summer  injection  (17  June  1967),  using  data  col- 
lected in  October  1967  and  thereafter.  In  this  case,  Widhopf  found  it 
necessary  to  make  a rather  large*  allowance  for  settling  of  the  particulates 
in  order  to  match  the  tracer  behavior,  as  shown  in  Figs.  3.33  and  3.34,  but 
the  general  behavior  of  the  model  was  good. 


•Note  that  Widhopf  used  (in  Figs.  3,33  and  3*34)  a density  of 
6.44  gm/cc  and  a radius  of  0,15u.  Telegadas  and  List  (1969) 
quoted  a density  of  2 gm/cc  and  radii  ranging  from  0.02p  to 
0.15u.  As  settling  velocity  is  proportional  to  the  square  of 
the  radius  times  the  density,  the  settling  velocity  used  by 
Widhopf  (at,  say,  20  km)  corresponds  to  a particle  of  density 
2 gm/cc  and  a radius  of  0,27u. 
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FIGURE  3.33.  Test  of  Wldhopf  2-D  Model  Dynamics  Using  Zr-95  Data. 

Total  burden  vs.  time,  with  and  without  settling. 

Particle  density  of  6. <4  gm/cm3  assumed 
Source:  Wldhopf,  1976 

B.  Fleet  Effects  Results 

The  model  was  run  using  NOx  injections  (at  constant  rates)  based  on 
the  modified  fleet  forecast  (1990-high)  given  In  Table  2.33.  The  model  was 
run,  using  an  October  start,  for  five  model  years,  extending  both  the  natural 
and  perturbed  atmospheres  for  comparison,  Results  are  shown  in  Pig.  3*35  for 
the  Northern  Hemisphere,  covering  latitudes  20°  N to  60°  N.  An  enhancement 
in  the  ozone  column  was  found  over  the  entire  hemisphere  at  all  seasons. 
Enhancements  were  found  to  decrease  with  increasing  latitudes.  An  apparent 
slight  downward  trend  with  time  suggests  the  desirability  of  extending  the 
runs  for  additional  years  (see  Pig.  3*17  describing  the  MIT  results). 

The  maximum  enhancements  were  found  to  occur  in  the  fall  and  minimum 
enhancements  to  occur  in  late  winter  or  early  spring,  varying  somewhat  with 
latitude.  The  average  ozone  column  enhancement  at  30°  N to  ^0°  N in  the 
summer  period  (months  56  to  59)  is  about  0.8  percent. 

Quantitative  results  for  the  Southern  Hemisphere  are  not  yet  avail- 
able (15  November  1976);  however,  appreciable  enhancements  were  found  (Wid- 
hopf,  private  communication,  November  1976).  This  result  is  a principal 
disagreement  with  the  Crutzen  model  results,  which  showed  little  or  negative 
effects  in  the  Southern  Hemisphere  for  subsonic  aircraft. 
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FIGURE  3.34.  Test  of  Wldhopf  2-D  Model  Dynamics  U 
Showing  the  Need  to  Include  Settling 
Source:  Wldhopf,  1976 
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C.  Comments 

While  some  disagreement  and  considerable  uncertainty  surrounds  both 
the  Crutzen  and  Widhopf  model  results,  it  seems  evident  that  inclusion  of 
methane  oxidation  chemistry  has  a powerful  effect  on  the  computed  effects  of 
aircraft  fleets.  Note  that  the  Widhopf  result  included  the  effects  of  Borne 
1^4 2 Concorde-Tupolev  aircraft,  as  well  as  a large  increase  in  subsonic 
traffic  (both  "present"  and  "advanced"  types)  in  all  cases  using  emission 
lndioes  typical  of  today's  engines.  The  total  effect  of  this  fleet,  as 
computed,  is  an  enhancement  of  the  ozone  column. 

The  substantially  greater  net  ozone  production  in  the  Widhopf  2-D 
results  when  compared  to  the  Lawrence  Livermore  Laboratory  1-D  results,  is 
probably  due  to  a number  of  factors.  However,  the  greater  ozone  production 
by  the  Widhopf  methane  oxidation  path  relative  to  the  simpler  path  used  in 
the  1-D  results  may  well  have  a strong  effect,  as  the  net  change  is  a result 
of  a variety  of  production  and  destruction  mechanisms. 

. Quite  obviously,  the  above  result,  as  well  as  the  components  which 
make  up  these  results,  need  further  study  and  verification.  The  uncertainty 
range  should  be  determined,  using  plausible  estimates  for  critical  reaction 
rates.  Chlorine  chemistry,  NgO^  (in  Widhopf 's  model),  and  water  effects  all 
should  be  Included.  Further  studies  on  the  dynamics  UBlng  all  available 
tracer  data  would  also  be  desirable.  For  example  (see  Section  3*6),  a 
"hidden  source"  of  carbon-14 , if  present  as  suggested  by  Chang  at  the  4th  CIAP 
Conference,  February  4-7,  1975,  would  lead  to  erroneous  model  dynamics  if 
carbon-14  data  were  used  exclusively,  but  anomalies,  and  the  need  for  correc- 
tions, should  become  evident  with  the  use  of  additional  tracers. 
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3.5  LONGITUDINAL  DISTRIBUTION  QUESTIONS 


Results  have  been  described  herein  from  two  separate  2-D  models  which  show 
ozone  column  enhancements  due  to  subsonic  aircraft  as  a function  of  latitude. 
Inasmuch  as  these  results  are  based  on  zonal  averages  in  the  troposphere  (in 
which  zonal  uniformity  would  hardly  be  expected)  as  well  as  on  the  combination 
of  a tropospheric  enhancement  with  a stratospheric  depletion,  a further  examina- 
tion of  the  distribution  of  these  effects  is  necessary.  The  possibility  might 
exist,  for  example,  that  the  tropospheric  air  mass  crossing  the  Pacific  might 
be  cleared  of  incremental  N0X  and  ozone,  leaving  the  West  Coast  of  the  United 
States  exposed  only  to  the  effects  resulting  from  a stratospheric  depletion. 
These  questions  are  in  detail  extremely  complex.  However,  on  examining  the 
model  data  in  connection  with  some  elementary  considerations,  some  useful  obser- 
vations seem  possible. 

Data  from  the  Crutzen  model  runs  are  shown  in  'fable  3.23.  The  data  are 
for  45°  N on  August  30  after  six  model  years,  a time  selected  for  its  expected 
relevance  to  biospheric  UV  exposure,  as  noted  earlier.  The  different  injection 
rates  at  different  altitudes  should  be  noted.  In  all  cases,  a depletion  is 
found  above  19.8  km,  and  in  all  cases  an  enhancement  is  found  over  the  0-km  to 
l6.3-km  altitude  range.  If  the  tropospheric  component  is  taken  as  th'.t  portion 
to  12.7  km,  and  complete  zonal  uniformity  is  assumed  above  12.7  km,  i"  follows 
that  a reduction  below  the  tropospheric  zonal  mean  of  even  100  percent  would  not 
lead  to  a column  deficit  for  10.8-km  and  12.7-km  injections,  but  any  reduction 
below  the  tropospheric  zonal  mean  would  result  in  a deficit  for  injections  at 
14.5  km  and  above. 


OZONE  COLUMNS  AND  CHANGES,  45°  ON 
AUGUST  30,  CRUTZEN  2-D  MODEL  RESULTS 


Ozone  Column  Change  In  Dobson  Units  In  Increment, 
With  NO  Injections  at  ()  km  of  109  []  kg/yr 


TABLE  3.23. 


A1 tl tude 
Increment, 
km 

Ozone 

Column, 

Natural 

Atmosphere 

Dobson 

Units 

19.8-55 

233.3 

16.3-19.8 

43.7 

12.7-16.3 

18.8 

0.2-12.7 

32.8 

0.2-16.3 

51.6 

16.3-55 

277.0 

0.2-55 

328.6 

0.2-55  percent 

ozone  change 


(10.8) 

(12.7) 

[ 2.06] 

[ 0.455] 

-0.4 

-0.3 

+ 0.2 

+ 0.1 

+ 0.5 

+0.3 

+ 2.2 

+ 0.5 

+ 2.7 

+ 0.8 

-0.2 

-0.2 

+ 2.5 

+ 0.6 

+ 0.76 

+0.18 

14.5) 

0.455] 

(18.0) 
r 0.226] 

-0.7 

-1.6 

0 

-0.1 

+ 0.4 

+ 0.1 

+ 0.3 

0 

+ 0.7 

+ 0.1 

r*» 

o 

1 

-1.7 

0 

-1.6 

0 

-0.49 
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The  above  results  viould  seem  to  indicate  that,  at  least  for  present  sub- 

sonics  and  for  the  40-50°  N zone,  even  if  the  computed  zonal  mean  value  is 

composed  of  a larger-than-moan  increase  over  regions  of  heavy  air  traffic  (the 
U.S.,  the  North  Atlantic,  and  Europe),  and  a smaller-than-mean  increase  over 
the  Pacific,  there  would  still  be  no  region  within  the  zone  where  an  enhanced 

UV-B  dose  rate  would  be  expected.  The  same  conclusion  would  app  .*  to  follow 

for  advanced  subsonics  (recognizing  that  the  model  run  at  12.7  km  nominal  wa3, 
in  fact,  spread  ^/er  the  ll.8-13.6-km  altitude  band)  but  the  "safety  margin"  is 
reduced.  For  higher-altitude  flight,  as  at  14.5  km  and  above,  depletions  would 
likely  be  expected  in  some  or  all  parts  of  the  zone.  Some  increase  in  zonal 
uniformity  might,  however,  be  expected  as  residence  times  (particularly  above 
the  tropopause)  increase  with  altitude  (see,  e.g.,  Reiter,  1975.  Bach,  1976). 

While  zonal  nonuniformity  may  not  lead  to  regions  of  enhanced  UV-B  with 
present  and  advanced  subsonics,  it  is  still  of  some  interest  to  estimate  the 
degree  of  nonuniformity  that  might  result.  To  do  so,  a nominal  upper  tropo- 
sphere residence  time  of  30  days  is  adopted  as  suggested  by  Newell  (1971), 
noting  that  Machta  et  al.,  (1970)  quoted  a higher  figure  (90  days).  As  used 
here,  the  term  residence  time  refers  to  the  time  after  which  1/e  of  the  mass 
of  a pulse  of  precipitation-scavengeable  material  would  remain  in  the  atmosphere. 
Residence  time  would,  in  fact,  vary  with  season,  altitude,  and  latitude.  In 
order  to  gain  some  estimate  of  zonal  uniformity,  the  time  to  circle  the  globe 
is  needed.  Newell  (1971)  shows  zonal  east-west  wind  speeds  in  the  30°  N to 
60°  N latitude  band  at  altitudes  of  9 km  to  15  km  to  be  of  the  order  of  10  m/sec 
to  35  m/sec,  with  winter  speeds  (20  m/sec  to  35  m/sec)  being  roughly  twice  those 
of  summer  (10  to  15  m/sec).  At,  say,  15  m/sec,  the  time  required  to  circle  the 
globe  is  22  days.  Values  of  22  days  or  so  are  less  than  or  near  the  quoted 
e-foldlng  time  at  10  km  so  that  a circling  of  the  globe  would  re*sult  in  only 
partial  removal  of  pollutant  materials.  In  fact,  the  comparison  of  minimum 

normalized  value  of  pollutant  level,  which  might  be,  say,  0.52  (based  on 
-22/30 

l-e  ),  relative  to  the  peak  level,  should  instead  be  compared  to  the  mean 

zonal  value  which,  with  the  same  numbers  would  be  0.71  [based  on  (30/22)  x 
—22/30 

(l-e  J )]  rather  than  the  peak  value,  so  that  for  this  set  of  numbers  the 
minimum  value  is  only  27  percent  below  the  mean  value. 

Furthermore,  the  use  of  the  globe-circling  time  is  probably  overly  conser- 
vative, in  that  some  of  the  polluted  air  masses,  as  from  the  ll.S.  and  the  North 
Atlantic,  are  further  polluted  in  moving  over  Europe  and  the  Soviet  Union. 

Thus,  the  travel  time  in  which  no  pollutant  is  added  would  often  or  usually  be 
considerably  less  than  the  22  days  used  above  for  illustration.  As  a result, 
zonal  effects  would  be  more  uniform  than  indicated. 


3-83 


The  above  result  Is  based  on  literature  values  of  upper  tropospheric 
residence  times,  which  are  reasonable  for  a region  in  which  clouds  are  few  and 
precipitation  is  rare  (except  in  the  tropics).  It  is  of  interest,  however,  to 
couple  in  independent  cloud  spreading  data  to  see  whether  such  data  are  com- 
patible with  the  quoted  times.  To  do  so,  we  turn  to  Bauer  (197*0  who  provides 
plots  of  horizontal  and  vertical  spread  of  clouds  with  travel  time. 

For  large  clouds,  which  are  equivalent  conceptually  to  clouds  which  have 
traveled  for  a long  period,  Bauer  gives  an  horizontal  eddy  diffusivity  which 

Q O 

characterizes  the  further  spreading  of  the  order  of  5 x 107  cm  /sec.  For 

vertical  spreading,  the  data  are  less  convincing,  but  a K_  of  the  order  of 
c p " 

107  cm  /sec,  as  is  often  used  in  1-D  modeling,  would  seem  appropriate. 


Given  these  eddy  diffusivity  figures,  an  estimate  can  be  made  of  the 
additional  horizontal  and  vertical  spreading  which  would  occur  after,  say,  20 

days  additional  travel  time.  The  calculation  is  based  on  the  simple  relation- 

2 

ship  r » aKt,  where  r is  a characteristic  cloud  width,  K is  eddy  diffuuivity, 
a is  a constant  with  a value  of  4 for  horizontal  spreading  or  2 for  vertical 
spreading,  and  t is  time.  It  follows  that  if  thb  cloud  has  an  initial  dimension 

p 

rQ,  the  corresponding  effective  initial  time  tQ  is  ar0/K,  and  the  cloud  dimen- 
sion at  time  tt  later  is  simply  [r§  + aKt^.]1/2,  where  tt  is  the  travel  time 
being  considered.  It  follows  that  a cloud  initially  1000-km  wide  by  5-km  thick 
would  grow  to  2200  km  in  width  and  7.9  km  in  thickness  after  22  days  of  travel. 
The  horizontal  spreading,  of  course,  removes  no  pollutant,  but  the  vertical 
spreading,  by  moving  material  into  the  rainout  region,  does,  l.ie  vertical 
spreading  in  this  concept  is  in  terms  of  mixing  ratio,  which  because  of  in- 
creasing density  with  decreasing  altitude,  means  the  center  of  mass  of  the 
material  moves  downward.  If  the  58  percent  spread  in  depth  should  thereby 
result  in  a 58  percent  loss  of  material  in  22  days,  an  e-folding  "residence 
time"  of  4o  days  would  result.  These  figures  have  but  little  quantitative 
significance,  but  some  rough  consistency  is  implied  between  thin  approach  and 
the  figures  (30  to  90  days)  quoted  from  the  literature. 
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In  all  the  above  discussion,  it  has  been  implicitly  assumed  that 
incremental  ozone  concentrations  are  related  directly  to  the  incremental  NOx 
added  by  aircraft;  processes  which  remove  NOx  are  assumed  to  also  remove  excess 
ozone.  As  noted  in  Section  3-1,  however,  there  are  controversies  in  this  field, 
engendered  largely  by  Chameides  and  Walker  (1973)  who  argue  that  methane  oxi- 
dation provides  large  local  sources  of  ozone,  particularly  at  ground  level. 

These  authors  argued  for  a photochemical  lifetime  of  10  days  at  10  km,  photo- 
chemical lifetime  being  the  local  concentration  divided  by  the  local  production 
rate.  These  estimates  have  since  been  revised;  Chameideo  and  3tedman  (1976) 
now  quote  10  days  at  low  altitudes,  100  days  at  5 km,  and  700  days  at  10  km. 

Even  so,  their  results  are  not  in  full  agreement  witn  earlier  results, 
suggesting  ozone  to  be  largely  inert  in  the  upper  troposphere,  as  shown  by  the 
figures  in  Table  3-24. 
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TABLE  3,24.  OZONE  REPLACEMENT  TIMES  (CONCENTRATION/ 
PRODUCTION  RATE)  AT  10  KM,  45°  N,  SPRING 


Ozone  concentration,  mol  cm 


Ozone  production  rate,  without 
methane  reactions,  mol-cm_3 
sec" ' 

Ozone  production  rate  from  CH.- 
N0X  reactions 

Replacement  time,  without 
methane  reactions,  yr 

Replacement  time,  with  methane 
reactions,  yr 


1.6  x 10^2  (CIAP  Monograph  1, 
Fig.  5-23) 

1.0  x 10'2  (NAS,  1975 
Fig.  A-22 ) 

8 x 10^  (CIAP  Monograph  1, 
Fig.  5-26) 

5 x 106 


Obviously,  uncertainties  still  exist  in  the  tropospheric  ozone  question, 
and  in  the  relative  importance  of  photochemistry  and  transport  at  various 
altitudes  in  the  troposphere.  See  Fabian  (1974),  Chameides  and  Walker  (1976), 
Chatfield  and  Harrison  (1976),  and  Dimitriades  et  al.,  (1976),  Danielsen  and 
Mohnen  (1976),  for  further  discussion.  From  the  standpoint  of  the  problem  at 
hand,  how’ever,  it  should  be  noted  that  even  a replacement  time  of  10  days,  the 
shortest  figure  cited,  is  far  longer  than  necessary  to  eliminate  any  concerns 
about  significant  diurnal  effects  (i.e.,  for  example,  whether  the  enhanced  ozone 
column  might  not  appear  until,  say,  noon  or  later,  permitting  increased  ultra- 
violet during  the  morning) . 

3.6  MODEL  VALIDATION  ATTEMPTS 
3.6.1  Introduction 

Demonstration  that  a given  model  reasonably  reproduces  certain  observed 
characteristics  of  the  natural  atmosphere,  e.g.,  the  distribution  of  ozone  or 
other  trace  species,  is  never  proof  that  the  model  will  correctly  predict  the 
effect  of  some  hypothesized  perturbation.  It  is  thus  always  of  interest  to 
compare  the  observed  behavior  of  the  atmosphere  following  some  known  perturba- 
tion, such  as  NOx  introduced  by  a nuclear  weapons  test,  to  the  model  predictions. 
Several  val  dation  efforts  merit  comment. 

3.6.L  Excess  Carbon-14 

It  has  been  noted  that  methane  profile  data  are  not  very  useful  in  deter- 
mining the  critical  tropopause  region  portion  of  the  Kz  profile.  Yet,  this 
portion,  in  effect,  controls  the  rate  at  which  (in  a 1-D  model)  a pollutant 
introduced  above  the  tropopause  will  leave  the  stratosphere.  A considerable 
variation  exists  between  the  various  models  in  this  region.  To  find  which  of 
these  profiles  most  nearly  duplicate  the  behavior  of  a gaseous  tracer, 


Johnston  et  al.  (1975)  turned  to  published  data  on  excess  carbon-l4  (as  C1^02) 
formed  in  the  stratosphere  by  nuclear  weapons  tests,  largely  in  the  1958  to 
1962  period  (see  NAS,  1975  pp.  146-149).  This  tracer  Is  removed  from  the 
stratosphere  more  slowly  than  are  particulate  tracers;  as  a gas,  however,  It 
was  argued  to  be  a better  simulant  for  NOx  than  are  particulates,  for  which 
settling  may  influence  removal  rates.  Johnston  et  al.  thus  took  the  available 
excess  carbon-14  data  (concentrations  at  various  altitudes  and  longitudes) 
collapsed  it  along  lines  parallel  to  the  mean  tropopause,  and  found  it  to  fit 
into  more  extensive  profile  data  taken  at  32°  N.  He  then  took  initial  conditions 
at  various  times,  and  studied  predictions  of  later  concentration  profiles  using 
various  Kz  profiles.  He  concluded  that  the  Hunten  Kz  profile  best  represented 
the  removal  of  the  tracers,  most  other  profiles  showing  far  too  rapid  a removal 
rate. 

A number  of  questions  have  been,  or  can  be,  raised  about  this  data,  its 
treatment,  and  its  interpretation.  As  a start,  the  principal  contributors  to 
the  atmospheric  burden  of  carbon-14  at  the  time  of  interest  were  large  Soviet 
devices  exploded  at  75°  N latitude,  in  particular  one  57-Mt  device.  No  reliable 
data  seem  to  be  available  for  the  height  of  cloud  formed  from  such  devices; 
much  of  the  cloud,  however,  should  have  gone  higher  than  the  maximum  sampling 
altitude  in  northern  latitudes  of  20  km.  (Seitz  et  al. , 1968,  give  20  km  to 
30  km  as  the  cloud  height  spread  for  a 30-Mt  USSR  test.)  Chang  (1975)  has 
argued  that  an  unsampled  reservoir  of  excess  carbon-14  was  "feeding"  the  region 
at  30°  N,  although  Johnston  argues  that  he  sees  no  evidence  for  it.  The 
suitability  of  carbon-14,  which  is  not  removed  by  precipitation  in  the  tropo- 
sphere, as  a tracer  to  simulate  a scavengeable  tracer  has  also  been  questioned; 
COMESA,  e.g.,  argues  that  each  tracer  has  in  effect  its  own  Kz  profile. 

Mahlman  (1975)  also  discusses  the  issue,  showing  that  lack  of  a sink  in  the 
troposphere  does  have  some  effect  on  apparent  Kz's,  but  more  modeling  work  was 
needed  to  clarify  the  effect  as  a function  of  time.  The  Johnston  argument  is 
that  mixing  ratios  in  the  troposphere  were  too  small  during  the  study  period 
to  significantly  affect  the  back  transport.  The  total  amount  of  carbon-14, 
and  the  confounding  of  data  by  earlier  tests,  is  also  at  question.  This  is 
shown  by  Pig.  3.36,  which  shows  the  amount  of  carbon-14  which  should  have  been 
formed,  according  to  accepted  estimating  procedures,  and  the  amount  measured. 
Note,  in  particular,  that  the  sum  of  the  1961  and  1962  inputs  seem  to  be 
Inconsistent  with  the  measured  amount  in  1963.  Note  also  that  earlier  tests 
also  contributed  to  the  burden  for  many  years,  as  material  is  cycled  into  the 
troposphere  and  returned  to  the  stratosphere.  The  effective  residence  time 
for  carbon-14  increases  with  time,  as  shown  by  Telegadas  (1971,  Pig.  3-37). 

The  period  selected  for  study  affects  the  results  achieved.  The  data  and 
analysis  also  show  somewhat  anomalous  behavior.  Thus  (see  Pig.  3-38),  in 
January  1964,  the  data  show  the  Hunten  model  to  slightly  underpredict  the 
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.36.  Excess  Stratospheric  C - 1 4 from  Atmospheric  Thermonuclear 
Explosions.  The  total  Injected  C-14  Is  shown  (2  x 1026 
atoms/Mt  for  airbursts,  half  that  for  surface  bursts)  as 
well  as  the  origin  of  the  Injection  (U.S.,  UK,  F-tropIcal 
USSR-arctic,  C-ml dl atl tude ) . 

Source:  Telegadas  et  al.,  1971 
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3.39.  Tests  of  Various  K*  Profiles  Using  Data  on  Excess  Carbon-14. 
Period  April  1963-danuary  1965 
Source:  Johnston,  Kattenhorn,  and  Whitten,  1975 
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rate  but,  nevertheless,  to  be  the  beat  of  all  shown;  the  January  1965  data 
(Pig.  3.39)  show  serious  unprediction  by  the  Hunten  model.  The  later  data 
(eight  years  after  the  tests,  Fig.  3.40)  actually  show  the  Hunten  model  to 
overpredict  the  rate  of  removal,  a fact  probably  related  to  the  general  return 
to  the  stratosphere  of  material  removed  earlier. 

EXCESS  CARBON-14  EIGHT  YEARS  AFTER  END  OF  1961-62  NUCLEAR  BOMB  TEST  SERIES 


FIGURE  3.40.  Tests  of  Various  K2  Profiles  Using  Data  on  Excess  Carbon-14. 
Period:  eight  years  after  tests. 

Source:  Johnston,  Kattenhorn,  and  Whitten,  1975 


The  treatment  of  the  data  and  the  Interpretation  of  the  results  also 
merit  some  comment.  Thus,  in  order  to  obtain  a representation  for  an  effective 
global  gradient,  applicable  to  a global  average  profile,  Johnston  corrected  each 
time  period  for  "leakage"  to  the  Southern  Hemisphere.  The  problem  being  solved 
thus  seems  more  applicable  to  a unif irmly  polluted  global  stratosphere,  with 
the  same  concentration  profile  at  all  latitudes,  than  to  an  aircraft  source  in 
a rather  narrow  latitude  band.  In  reality,  as  shown  by  Mahlman  (1972)  and 
others,  localized  aircraft  sources,  at  steady-state,  create  strong  local  gradi- 
ents which  presumably  Increase  the  rate  of  transport.  Chang  [private  communi- 
cation (1976)]  has  argued  that  his  is  a mid-latitude  model,  so  there  appear  to 
be  conceptual  differences  involved.  Also,  as  letsser  points,  as  noted  earlier, 
the  Hunten  profile  was  later  adjusted  by  2 km  for  use  in  the  aircraft  problem, 
whereas  none  of  the  other  profiles  have  been.  And  Johnston  et  al.,  (1975) 
adjusted  the  data  at  40°  by  1 km  rather  than  2 km  as  recommended  by  Hunten; 
however,  most  SST  traffic  at  least  would  be  farther  north  'than  . 4o°  in  any  event, 
so  this  adjustment,  if  acceptable  in  concept,  would  seem  to  be  appropriate. 


In  our  view,  none  of  the  questions  about  carbon-l4  as  a tracer  preclude"' 
its  use  to  provide  what  may  be  a conservative  estimate  of  the  rate  of  transport 
between  the  stratosphere  and  the  troposphere.  However,  in  view  of  the  fact 
that  the  data  are  2-D  in  character,  and  that  transport  does  take  place  between 
hemispheres  and  back  and  forth  between  the  troposphere  and  the  stratosphere, 
the  data  can  best  be  utilized  in  a 2-D  model. 
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3.6.3  HTO  Transport 

Mason  and  Sstlund  (1976)  have  discussed  removal  of  water  vapor  from  the 
stratosphere,  using  tritium  oxides  as  a tracer.  These  data  do  not  appear  to 
have  been  given  the  extensive  analysis  which  has  been  given  to  the  excess 
carbon-l4  data,  but  are  of  interest  as  a preclpitation-scavengeable  gaseous 
tracer,  more  analogous  to  N0X  than  excess  carbon-14.  The  data  indicate  an 
e-folding  time  of  water  vapor  in  the  lower  stratosphere  (10-18  km)  of  2 ± 0.2 

h p 

years.  In  Mason  and  tistlund's  analysis,  an  eddy  diffuslvity  of  3*45  x 10  cm  / 
sec  at  40°  N wai  used  with  a 10-km  tropopause,  implying  much  more  rapid  trans- 
port  than  does  the  much  lower  Hunten  tropopause  value  (2.3  x 10  cm  /sec  at 
14  km)  which  Johnston  et  al.  (1975)  argue  to  be  supported,  by  the  carbon-14  data. 

Note  also  that  Newell  (1971)  quotes  mean  residence  times  for  carbon-l4 
and  tritium  as  3.3  and  3-5  years,  respectively,  citing  L.  Machta  (private 
communication,  1970)  and  Qulliksen  (1970).  He  notes  that  these  times  are  longer 
than  those  for  particulates,  which  he  quotes  as  1-1/2  to  2 years  in  the  region 
below  25  km. 

These  various  data  appear  to  be  worthy  of  further  examination. 

3.6.4  Zlrconlum-95 

A brief  study  of  downward  transport  in  the  region  of  prime  aircraft  traffic 
was  carried  out  in  this  work  (see  Appendix  C),  using  data  from  the  Chinese 
weapons  tests,  which  took  place  at  40°  N and  90°  E.  These  data  seemed  to  more 
closely  simulate  the  aircraft  problem  than  earlier  tests,  which  took  place 
mostly  in  the  tropics  or  at  75°  N.  Debris  from  the  tests  was  initially  emplaced 
at  about  18  km;  the  tracer  was  zirconium-95.  The  Chinese  tests  were  carried  out 
at  several  seasons.  Summer  injections  and  winter  injections  were  found  to 
behave  quite  differently,  with  material  injected  in  the  summer  being  retained 
until  the  following  winter,  whereas  winter  injections  began  to  come  out  imme- 
diately. The  analysis  used  a time-dependent  diffusion  model.  The  technique 
used  was  to  determine  an  effective  K_  between  the  altitude  of  injection  and  the 

<u 

tropopause,  based  on  known  global  removal  rates  from  the  stratosphere,  followed 
by  calculation  of  an  injection  coefficient  and  residence  time  for  continuous 
injection.  An  approximate  correction  was  included  for  settling.  The  analysis 
showed  that  the  mean  effective  Kz  is  strongly  dependent  on  assumed  tropopause 
height,  which  in  this  region  is  highly  variable.  However,  because  the  mean 
Kz  and  the  distance  between  the  injection  altitude  and  the  tropopause  are 
coupled  together,  it  was  found  that  the  injection  coefficient  and  the  resulting 
residence  time  for  continuous  injection  were  not  strongly  affected  by  variations 
in  assumed  tropopause  height. 

Results,  which  are  applicable  only  to  18-km  injections  in  midlatitudes,  are 
shown  in  Table  3-25,  with  comparison  to  values  calculated  for  other  profiles: 
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TABLE  3.25.  COMPARISON  OF  INJECTION  COEFFICIENTS  AND  RESIDENCE 
TIMES  DERIVED  FROM  Zr-95  DATA  WITH  THOSE 
CALCULATED  USING  VARIOUS  Kz  PROFILES 


Source 

Injection  coefficient 
ID'17  cm2-sec 

tR* 

zr_ 

This  analysis 

Kz  » 1 x 104  ( 1 1 - km  tropopause) 

1 .77 

1 .52 

Kz  » 5 x 103  (14-km  tropopause) 

2.37 

1.78 

Kz  ■ 1.75  x 10^  (11- km  tropopause) 

1.04 

0.95 

Kz  ■ 7 x 103  (14-km  tropopause) 

1 .73 

1.33 

Chang/1974  (18  km) 

1.71 

1 .42 

Chang/1976  (18  km) 

1.76 

1.58 

Hunten/1974  (18  km) 

4.60 

3.55 

Hunten/1974  + (18  km,  latitude  adjusted) 

5.19 

4.61 

Wofsy/1975  (18  km) 

3.21 

2.57 

This  analysis  suggested  that  the  Hunten  Kz  profile,  with  or  without  the 
2-km  latitude  adjustment,  gives  excessive  residence  times  and  injection  coeffi- 
cients. The  results  are  in  agreement  with  those  computed  using  the  Chang/1974 
or  Chang/1976  profiles  and  do  not  seem  to  be  inconsistent  with  the  Mason  and 
Ostlund  data  (1976)  on  tritium  oxides,  described  earlier. 

A preliminary  attempt  was  made  to  use  the  same  model  using  the  C-14 
data.  However,  uncertainties,  particularly  in  initial  injection  heights  and 
burden,  in  the  proper  way  to  handle  highly  varying  seasonal  behavior,  and  in 
the  proper  period  to  be  used  made  the  effort  questionable.  A further  examination 
of  the  data  may,  however,  be  useful  in  putting  some  upper  and  lower  bounds  on 
the  estimates. 

3.6.5  2 -D  and  3-D  Model  Studies  and  the  2-km  Adjustment  Question  In  the 

Hunten  1~ D Model 

While  the  testing  of  a model  with  another  model  is  objectionable  in 
principle,  it  is  of  interest  to  compare  results  from  models  of  higher  dimension- 
ality to  those  from  the  1-D  models.  In  particular,  the  2-km  adjustment  recom- 
mended by  Hunten  for  midlatitude  flight  merits  attention,  because  it  has  a 
powerful  effect  (6-fold  by  formula)  on  computed  ozone  changes  for  flight  at 
12  km,  i.e.,  for  present  and  advanced  subsonics. 

Based  on  results  from  his  3-D  model,  Mahlman  (private  communication,  1975) 
has  estimated  the  residence  time  (burden/flux  at  steady  state)  for  a precipitation 
scavengeable  tracer  continuously  injected  at  20  km  and  30°  N as  16  months  (1.3  yr) . 
The  Hunten  Kz  profile  gives  4.6  years  for  the  same  injection  altitude;  the  Chang/ 
1974  profile  gives  about  2.0  years  at  the  same  altitude. 
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Using  their  2-D  pure  diffusive  transport  model-,  Machta  (private  communica- 
tion, 1976)  found  that  for  continuous  injection  of  a precipita4-  Lon-scavengeable 
tracer  at  11  km  to  13  km  in  the  bo0  N to  50°  N band,  the  .sidence  time  (burden/ 
flux  at  steady  state)  corresponded  to  0.25  yr.  Th'-  unten  profile,  with  a 
2-km  upward  adjustment  on  the  injection,  taking  an  average  according  to 
(Rl~  + + R.r) 

2 jr — gives  0.71  years.  Without  the  2-km  adjustment, 

(R  + 2R,,  + R ,) 

— jp =-2—  gives  0.37  yr.  The  difference  is  due  to  raising  the 

injection  across  the  model  tropopause  with  the  2-km  adjustment.  The  Chang 
profile,  on  the  same  basis,  gives  0.27  yr. 

Ozone  depletion  modeling  efforts  by  the  MIT  group  have  already  been  de- 
scribed for  20-km  injections  at  10°  N and  b5°  N (Section  3-b.l)  • On  a global 
average  basis,  the  effects  were  slightly  greater  at  10°  N than  at  b5°  N (12.5 
percent  versus  11.9  percent).  The  Northern  Hemisphere  value  was  slightly 
larger,  however,  with  1)5°  N injection  (16.1  percent  versus  15.5  percent).  The 
depletion  value  (which  might  be  taken  as  the  "corridor"  value)  at  45°  N, 
however,  was  considerably  larger  for  b5°  N than  for  10°  N injection  (20  percent 
versus  13  percent)  (See  Table  3.9). 

The  NASA-Ames  results  (see  Section  3.2.5)  gave  ozone  depletions  which  were 
insensitive  to  the  latitude  of  injection,  over  the  30°  N to  60°  N region. 

The  MIT  results  can  be  argued  to  support  the  philosophical  basis  for  the 
adjustment  in  flight  altitude  with  latitude  in  the  Hunten  1-D  model  if  the 
computed  depletion  is  taken  to  be  applicable  to  the  region  of  heavy  traffic. 

The  data  would  not  support  the  adjustment  if  computed  depletions  by  the  Hunten 
model  are  taken  to  apply  to  hemispheric  average  depletions. 

Dickinson  (NAS,  1976a  p.  B-10),  worKlng  the  methane-inversion-to-Kz  problem, 
used  a mathematical  coordinate  transformation  such  that  the  region  from  the  local 
tropopause  to  20  km  is  linearly  stretched  into  the  assigned  mean  tropopause  (15 
km,  his  case)  to  20-km  region.  If  his  procedure  were  applied  to  the  aircraft 
problem  and  to  the  Hunten  K„  profile,  there  would  be  no  adjustment  for  flight 
at  20  km,  an  adjustment  to  lb  km  for  all  flight  at  (above)  the  tropopause 
(whether  the  tropopause  is  17  km  or  8 km),  and  linear  transformation  in  between, 
i.e.,  flight  at  the  half-way  altitude  between  the  tropopause  and  20  km  would  be 
assigned  to  17  km,  halfway  between  the  lb-km  Hunten  tropopause  and  20  km. 

Flight  at  17  km  in  mid-latitudes,  taking  the  mean  tropopause  at  12  km,  would  be 
assigned  to  lb  + jjj-  (6)  or  17.75  km,  rather  than  18  km  as  it  would  with  the 
Hunten  approach.  Flight  below  the  tropopause  could  be  similarly  transformed 
between  the  surface  and  tropopause  levels,  but  would  stay  below  the  tropopause. 
This  approach  would  appear  to  be  preferable  if  adjustments  of  this  type  are  to 
be  attempted. 
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3.6.6  Nuclear  Weapons  Tests--Inject1on  of  N0K 

In  principle,  nuclear  weapons  tests  should  provide  excellent  tests  of  the 
NC^-O^  theories,  in  that  very  large  quantities  of  N0X  (perhaps  1.5  million 
tons  during  the  period  1958-62)  were  injected  into  the  stratosphere  by  such 
tests.  The  first  authors  to  raise  this  point  ware  Foley  and  Ruderman  (1972); 
the  issue  has  subsequently  been  examined  by  Johnston,  Whitten  and  Birks  (1973), 
by  Bauer  and  Gilmore  (1975),  by  the  NAS  (pp.  158-159),  by  COMESA  (1975),  and  by 
COVOS*  (Bertin  et  al.,.  1976).  Model  results,  using  the  Chang/1971*  K profile 
were  presented  in  the  NAS  (1975)  report;  an  average  depletion  of  **  percent  was 
computed  by  Chang  for  the  year  1963;  decreasing  to  about  1 percent  by  1967. 

The  peak  depletion,  however,  as  discussed  below,  was  computed  at  about  5 percent 
(Duewer,  private  communication,  1976).  The  question  of  whether  or  not  the 
effects  were  or  should  have  been  noticeable  or  detectable  has  been  argued  at 
length.  The  NAS  (1975)  report  (p.  159)  suggests  the  tests  were  responsible 
for  a "missing  rise"  in  ozone,  which  should  have  occurred  due  to  effects 
associated  with  sunspot  cycles  at  about  that  time.  (See  Fig.  3.1*  this  report.) 
Ellsaesser  (private  communication,  1976)  finds  alternative  explanatiqns  related 
to  sudden  stratospheric  warmings.  Johnston  (1976a  abstract)  suggests  that  there 
is  an  initial  ozone  production  by  nuclear  weapons  explosions  and  the  time 
required  for  the  initial  ozone  production  to  be  removed  is  substantial.  He 
concludes  that  an  initial  enhancement  of  ozone,  as  observed  following  a 2-Mt 
test  at  15°  S,  is  compatible  with  the  theory.  The  short-term  effects  with 
larger  weapons,  which  rise  to  altitudes  where  photochemical  equilibrium  is 
reached  more  rapidly,  would  appear  to  need  additional  examination. 

As  noted  earlier,  NAS  (1975)  accepted  the  Chang  results  in  discussing  the 
effects  of  bomb-injected  NOx  on  ozone,  but  rejected  the  Chang  model  in  deter- 
mining aircraft  effects.  To  explore  this  matter  further,  the  problem  was  rerun 
at  Lawrence  Livermore  Laboratory  using  the  Hunten/1975  K_  profile,  as  well  as 
with  the  Chang/1571*  and  Chang/1976  Kz  profiles,  and  with  revised  chemistry  and 
NO  production  rates  per  megaton.  It  was  found  (Duewer,  private  communication, 
1976)  that  the  peak  depletions  with  the  Chang/1976  profile  and  the  Hunten  profile 
were  similar;  furthermore,  presumably  because  of  the  lower  K_  values  near  30  km 
with  Chang/1971*  than  in  the  Hunten  model,  the  rates  of  recovery  were  not  greatly 
different.  The  Chang/1976  profile  showed  greater  ozone  destruction  effects  for 
injections  near  30  km,  and  rapid  recovery,  but  with  the  LLL  1976  chemistry  and 
NO/megaton  estimates,  the  peak  effects  were  similar  to  those  computed  earlier. 
More  analysis  of  these  results  may  be  desirable,  as  is  the  carrying  out  of  the 
same  computations  with  a 2-D  model.  A 2-D  seasonally  varying  model  would  allow 
for  the  great  variability  In  dynamics  and  effects  between  tropical  and  far  north 
injections  at  different  seasons,  and  would  provide  better  predictions  as  to 
where  and  when  effects  should  have  been  maximized. 

•Received  too  late  for  discussion  and  intercomparison  herein. 
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The  COMESA  report  also  discusses  the  bomb  tests  at  some  length.  They  find 
that  the  bomb  tests,  according  to  their  calculations,  should  have  produced  about 
a 1 percent  decrease,  much  smaller  than  that  given  in  the  NAS  report.  They  then 
argue  that  since  this  could  not  be  detected,  the  effects  of  over  1000  Concordes 
would  be  similarly  undetectable.  (The  detectability  question  is  in  need  of 
careful  definition. ) A considerable  difference  exists  between  the  detectability 
of  a pulsed  event,  a long-term  slow  change  as  fleets  or  halocarbons  build-up 
with  time,  and  a more-or-less  abrupt  change  should  a step-function  fleet  be 
imposed  and  operated  continuously.  See  Appendix  G for  further  discussion. 

3.6.7  Solar  Proton  Events.  Polar  Cap  Absorption  (PCA)  Effects 

The  solar  proton  event  of  August  1972  was  an  unusually  large  one  which 
produced,  according  to  Crutzen,  (1975)  some  6 x 101-’  mol/cm2  of  NO,  mostly 
above  60°  geomagnetic  latitude.  Assuming,  as  does  Crutzen  et  al.  (1975)*  that 
this  flux  was  produced  over  one-sixth  the  earth’s  surface,  the  total  number  of 
NO  molecules  was  of  the  order  of  5 x 10^  molecules,  or  equivalent  on  a global 
basis  to  the  NO  introduced  by  detonation  of  some  50  to  300  Mt  of  nuclear  bombs, 
depending  on  the  value  used  for  NO  molecules/Mt . [The  smaller  yield  would 
result  from  the  value  used  by  Bauer  and  Gilmore  (1975)  of  1 x 10J  molecules 
NO/Mt.  The  larger  value  corresponds  to  0.17  x 10 J molecules  of  NO/Mt,  the 

lower  value  suggested  by  Johnston  et  al.,  1973].  Most  of  this  NO  was  produced 

at  high  altitudes,  with  the  maximum  (in  mol/cm^)  being  in  the  40  km  to  50  km 
region.  Crutzen  (1975)  proposed  that  this  event  be  used  as  a validation  test 
for  photochemical  models,  and  in  a subsequent  paper,  Heath,  Krueger,  and 
Crutzen  (1975)  compared  ozone  measurements  with  model  prediction.  The  record 
showed  a dramatic  change  above  4 mbar  (38  km)  at  75°  N to  80°  N following  the 
event,  the  ozone  column  dropping  about  2 mbar  out  of  13  mbar,  in  reasonable 
agreement  with  model  predictions.  This  was  taken  to  be  confirmation  of  the 
chemical  scheme,  in  regions  where  photochemical  equilibrium  prevails.  The 
change  at  lower  levels,  where  the  ozone  column  was  greatest,  would  obviously  be 
less  easy  to  detect,  as  the  absolute  change  of  2 mbar  was  nearly  20  percent  of 
the  total  above  4 mbar;  the  percentage  changes  on  the  ozone  column  above  the 
surface,  however,  would  be  much  less.  Further  analysis  will  be  necessary  to 
see  whether  the  NO  effects  can  be  traced  to  lower  altitudes  and  latitudes  as  a 

function  of  time.*  (It  might  be  possible,  using  a 2-D  model  and  careful 

observation,  to  exclude  certain  setB  of  chemistry  and  dynamics  as  leading  to 
predicted  effects  outside  the  uncertainty  bounds  on  those  observed.) 

An  earlier  event1,  with  energy  deposited  at  higher  altitudes  (54  km  to  67  km), 
where  the  H0X  cycle,  rather  than  the  N0X  cycle  as  above,  is  thought  to  control 
ozone,  demonstrated  the  effects  of  increased  H0X  on  ozone  [Crutzen,  private 
communication  (1976)]. 

*Photolytic  destruction  of  NO  may  be  important  in  this  case..  Such  destruction 
is  definitely  important  in  the  case  discussed  in  the  mesosphere  (following 
paragraph) . 
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Zinn  and  Sutherland  (1975)  point  out  that  four  large  aolar  flares  occurred 
In  May-July  1959,  each  producing  5 x lO3--’  mol/era^  NO  above  65°  for  a total  some 
2.5  times  that  of  the  August  1972  event.  These  authors  state  that  these  four 
together  should  have  produced  about  a 1 percent  decrease  In  0^  inventory. 
Obviously,  any  detailed  modeling  efforts  studying  bomb  effects  in  1958  to  1962 
should  include  the  solar  proton  events. 

Two  points  should  be  noted  about  the  PCA  work.  First,  detection  of  the 
effect  was  made  vastly  simpler  by  ooupling  model  predictions  about  where  and 
when  the  effect  should  be  sought  with  observations;  detection  would  have  been 
much  more  difficult  from  total  ozone  column  measurements.  This  point  is  in 
line  with  the  discussion  in  Appendix  0.  A second  point  is  that  the  solar  proton 
events  deposit  N0X  in  a different  altitude  and  latitude  region  than  do  aircraft 
sources.  Aircraft  effects  involve  questions  of • transport  to  these  altitudes 
and  the  chemistry  in  a considerably  lower  region  of  the  atmosphere. 

3.7  A SUMMING  UP 

It  is  evident  from  the  preceding  sections  that  large  uncertainty  bars  must 
be  put  on  any  estimate  of  ozone  change  due  to  aircraft  operation.  An  array  of 
estimates  results  from  considering  various  chemistries,  various  kinetics  (thermal 
rate  coefficients),  and  various  dynamics,  as  illustrated  in  Fig.  3.41,  which 
figure  does  not  include  chlorine  chemistry  or  uncertainties  therein.  Other 
aspects  of  such  modeling  exercises  involve  large  further  uncertainties — feedback 
effects,  thermal  effects,  photolysis  rates,  radiation  phenomena,  and  the  finer 
points  of  the  chemistry,  including  activation  energies,  quantum  yields, 
absorption  cross  section  reaction  paths,  etc.  And,  to  return  to  basics,  the 
N0X  emission  indices  still  involve  the  unresolved  discrepancy  between  in-aitu 
UV  absorption  methods  and  direct  sampling  techniques  (see  Table  2.16,  Chapter  2). 

Although  necessary,  statements  of  uncertainty  are  inherently  unsatisfactory. 
Of  more  value,  perhaps,  is  a discussion  of  apparent  trends  in  results,  as  work 
has  progressed,  operating  on  the  assumption  that  continuing  work  and  more 
detailed  examination  of  the  various  phenomena  lead  to  more  nearly  correct 
results.  On  this  basis,  the  data  in  the  previous  section  can  be  argued  to  show 
the  following: 

1.  For  subsonic  aircraft.  Inclusion  of  the  methane  oxidation  reactions 
has  completely  altered  the  CIAF  (1974)  and  NAS  (1975)  picture  of  the 
effects  of  this  class  of  aircraft  on  the  ozone  column.  However, 
uncertainties  in  these  reactions  have  not  been  explored.  The  methane 
oxidation  reaction  (like  much  of  the  stratospheric  chemistry)  is  not 
adequately  understood,  and  tropospheric  dynamics  and  tropospheric 
stratospheric  interojuinge  processes  are  exceedingly  complex  and 
difficult  to  model.  Nevertheless,  present  computational  results  do 
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FIGURE  3.41.  Ozone  Change  Estimates  by  Various  Models  Illustrating  Uncertainties 
Due  to  Chemistry  and  Dynamics.  The  NO.  Injection  rate  at  each 
altitude  Is  constant  at  2000  mol/cm3-sec  over  1 km,  or  1.23  x 109 
kg  (as  N02)/year  If  assumed  In  one  hemisphere.  Chlorine  chemistry 
Is  not  Included.  Procedures  as  used  In  CIAP,  1974,  have  been  used 
to  compare  1-0  and  2-D  models  by  taking  midlatitude  "corridor" 
effects  to  be  the  same  as  global  effects  at  half  the  rate.  The 
Hunten/1974(+2)  result  Is  for  model  Injection  at  17  km,  which  Is 
argued  to  apply  to  flight  (In  midlatitude)  at  15  km.  Linearity 
has  been  assumed  where  necessary. 


suggest  that  subsonic  aircraft , particularly  those  typical  of  the  bulk 
of  today's  fleets,  increase  rather  than  decrease  the  ozone  column,  at 
least  in  the  hemisphere  in  which  they  are  operating.  For  the  so-called 
advanced  subsonics,  such  as  the  747SP  (which,  in  fact,  is  in  operation 
now),  the  picture  is  less  sure,  for  these  aircraft  will  spend  a greater 
fraction  of  their  cruise  time  in  the  stratosphere  than  do  the  shorter- 
range  aircraft;  the  advanced  subsonics  may  increase  the  ozone  column 
very  slightly,  but  there  may  be  areas  wherein  the  latitudinal  zone 
where  slight  depletions  may  occur.  A discrepancy  exists  between  the 
Crutzen  and  Widhopf  2-D  model  results  for  subsonic  aircraft,  in  that 
one  model  shows  ozone  enhancement  in  the  Southern  Hemisphere  and  the 
other  shows  very  slight  depletions. 

Other  important  points  should  be  noted  about  subsonic  aircraft,  their 
N0x  emissions,  and  their  injection  altitudes  relativt  to  the  tropopause. 
It  was  noted  in  Section  2 that  a number  of  assumptions  made  in  the  CIAP 
subsonic  fleet  computations  seem  to  be  in  error,  in  particular,  the 
flight  altitude  versus  ran^e  assumption,  which,  when  coupled  with  the 
3-km  resolution  employed,  put  a substantial  fraction  (approximately 
25  percent)  of  the  subsonic  emissions  at  13.5-km  altitude  (44,28d  ft), 
an  erroneous  result.  This  fraction,  being  based  largely  on  distances 
letween  cities,  was  nearly  invariant  with  time.  This  approach, 
coupled  with  the  NAS  recommendation  that  2 km  should  be  added  to  actual 
flight  altituc*  ..  for  mid-latitude  operation  in  using  the  NAS  model,  put 
a substantial  portion  of  subsonic  aircraft  as  well  as  "advanced" 
suosonios  (like  the  747SP)  continuously  above  the  model  tropopause  at 
14  km.  Such  subsonic  aircraft  are,  in  fact,  above  the  tropopause  only 
a portion  of  the  time,  the  fraction  depending  on  the  route.  Growth 
rates  in  CIAP  were  also  assumed  to  be  substantial,  (4. 15-fold  from 
1970  to  1990),  Using  CIAP  figures  for  the  expected  fleet  in  1990 
(Table  2.9)  and  the  NAS  mo^el  (see  p.  29,  NAS),  one  would  estimate 
an  ozone  depletion  of 


15-3  x 10 
2.6  x 10 


■g  x 0.16,  or  0. 94? 


by  1990,  due  to  high-altitude  subsonics;  the  corr esponding  CIAP 
estimates  (see  p.  xvi,  ROw)  would  be 


15.3  x j-O-' 
2.0  x 10' 


x 0.079  or  0.60*  depletion. 
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both  results  exceeding  the  tentative  FAA  0.5  percent  guideline.  If, 
however,  the  SRI/ADL  forecast,  with  its  subsonic  altitude  distribu- 
tions, are  taken  with  the  "high"  1990  projections  (Table  2.26),  the 
Crutzen  model  results  (Table  3.15),  using  an  average  of  the  level 
10  and  11  results,  would  give  an  estimate  for  the  high-altitude 
portion  of  the  subsonic  fleet  without  controls  at  45°  N and  August 
30,  as  follows: 


45  x 106 
0.455  x 10 


(0.183 

1 l ? 


+ 


0) 

"7 


or  0.009*  enhancement ■ 


For  lower-altitude  subsonics,  computed  enhancements  are  greater.  These 
results  must,  of  course,  be  considered  tentative  for  reasons  already 
discussed  and  summarized  below. 


2.  For  supersonic  aircraft  operating  at  17  km  to  20  km,  the  results  of 
all  studies  to  date,  except  those  with  highly  improbable  combinations 
of  thermal  reaction  rates,  indicate  depletions  of  the  ozone  column. 

The  magnitude  of  the  resulting  effects  for  any  given  number  of  aircraft 
is,  however,  in  considerable  doubt,  as  evidenced  by  the  horizontal  bars 
in  Fig.  3.41.  Again,  however,  if  the  trends  are  examined,  there 
appears  to  be  some  reason  to  believe  the  effects  of  such  aircraft 
NOx  emissions  (for  a specified  fleet)  are  smaller  than  indicated  in 
NAS  or  CIAP.  These  effects  are  summarized  in  Table  3-26. 

The  computed  smaller  effects,  with  more  recent  calculations,  as 
illustrated  In  Table  3.26,  result  primarily  from  revisions  in  certain 
key  reaction  rates,  primarily  the  OH  + H02  reaction,  plus  certain 
other  effects  resulting  from  a simplified  methane-oxidation  (ozone- 
forming) path  and  from  inclusion  of  chlorine  chemistry.  It  must  be 
cautioned,  however,  that  the  revised  reaction  rates  used  in  the 
LLL  1976  chemistry  are  based  only  on  careful  examination  of  limited 
data,  in  which  data  on  individual  reactions  rather  than  on  ratios  of 
reaction  rates  were  emphasized.  Other  groups  analyzing  the  same 
limited  data  could  well  settle  on  different  estimates  of  the  most 
probable  rate  of  values.  In  any  event,  no  amount  of  analysis  can 
substitute  for  new  and  careful  measurements  Further  changes  in  these 
estimates  may  be  expected,  particularly  as  new  data  are  obtained. 

Results  equivalent  to  those  given  in  Table  3.26  are  not  available  for 
2-D  models.  Note,  howevei , that  the  Crutzen  2-D  model,  with  distri- 
buted emissions  from  a fleet  at  17  km  (see  Fig.  3.25)  would,  assu.ing 
linearity,  give  « t>  1.0  Mtv'yr  NOv  injection,  about  1.8  x 1.5  or  2.7 
percent  ozone  depletion  at  45°  N on  August  30.  The  Cunnold-Alyea 
results  fr  summer  season  (Fig.  3.16),  however,  give  about  10  percent 
depletion  for  a 17-km  injection.  The  differences  undoubtedly  lie  in 


I 
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different  chemistries  (the  Crutzen  model  being  more  complete,  and 
including  methane  oxidation  and  NgO^,  f’or  example)  and  probably  in 
different  dynamics,  but  are  obviously  not  fully  resolved. 


TABLE  3.26.  CHANGES  IN  COMPUTED  OZONE 
DEPLETION  RESULTS  FOR  SSTs 


0 

Global  average  values 

Hemisphere 

9 

values 

N0X  input  ■ 2. 

46  x 109  kg/yr 

NO  * 1.23  x 

109  kg/yr 

Chang/1974  Kz 

Chang/1976  Kz 

Hunten/1975  Kz 

Injection  altitude,  km 

17  20 

17  20 

17(15)  2 

20(18)  2 

CIAP  ROF , 1974 

-5.1  -10.6 

- 

-16  4 

-23  4 

NAS,  1975 

- 

- 

-8.97 

-17.4 

Revised  OH  + H02,  in- 
clusion of  CH4  oxidation 

3-1.75  -5.21 

- 

-6.68 

- 

LLL  chemistry,  1976,  no 
C1X 

-0.065  -2.92 

-1.15  -4.20 

-4.06 

-10.64 

LLL  chemistry,  1976,  1 
ppb  C1X  5,  6 

- 

-0.70  -3.26 

-2.79 

-8.76 

LLL  chemistry,  1976 
2 ppb  C1X  5 

- 

-0.40  -2.61 

-2.33  • 

-8.06 

^ Most  of  these  results  are  from  calculations  made  at  Lawrence  Livermore 
Laboratory. 

2 

The  calculations  at  LLL  were  made  with  a global  Injection  rate  of  2.46  x 
109  kg/yr  NO2  at  17  to  20  km  model  altitude.  The  results  may  be  Interpreted 
by  the  Hunten  Model  according  to  NAS,  1975  as  a hemispheric  value  at  half  this 
injection  rate  for  a mid-latitude  fleet  2 km  lower  than  the  model  Injection 
altitude,  l.e.,  at  the  altitude  shown  in  parentheses. 

3 

Approximate.  A simplified  methane  oxidation  pathway  is  Included.  For  Illus- 
tration here,  the  pathway  NO3  •+  NO  + 02  is  used.  See  Table  3.17  for  further 
data.  (Duewer,  et  al.,  1976b) 

4 

The  Chang  computational  model,  with  CIAP  chemistry,  gives  higher  depletions 
with  the  Hunten  Kz  profile  than  does  the  NAS  formula.  See  Fig.  A. 38,  p.  145, 
NAS. 

5 

Includes  C10N0?  In  a manner  which  may  overestimate  N0„  effects.  See  Section 
3.4.7.  x 

6 1 ppb  Cl  X may  be  a reasonably  correct  present  value;  2 ppb  might  be  a 1990  val 

Questions  about  dynamics,  particularly  near  the  tropopause,  are  still 

serious  and  unresolved,  as  indicated  by  the  large  differences  between  the 

results  using  the  Chang  (197*1  or  1976)  and  Hunten/1971*  K„  profiles.  The  Chang 

z 

profiles  reasonably  match  particulate  data  and  the  Hunten/197L  profile 
reasonably  matches  gaseous  carbon-11!  data.  Both  sets  of  tracers  involve  imper- 
fect data,  so  that  the  questions  cannot  be  resolved  unambiguously.  The  Hunten/ 
197*1  Kz  profile  may,  nevertheless,  be  somewhat  extreme;  the  Wofsy/1975  profile 
(Fig.  3)  which  is  of  the  same  form,  was  developed  after  the  Hunten/1971!  profile 
was  developed  and  shows  somewhat  lesser  effects.  (See  Table  3.18.) 


The  latitudinal  adjustment  of  aircraft  altitudes  in  u 1-D  model  to  compen- 
sate for  changes  in  tropopause  height  as  recommended  in  NAS  (1975) » merits  a 
brief  further  comment.  Where  the  adjustment  artificially  puts  aircraft 
continuously  above  the  tropopause,  whereas  it  is  known  that  the  aircraft  spend 
a significant  portion  of  the  yearly  flight  time  below  the  tropopause,  the 
adjustment  is  clearly  incorrect.  At  SST  flight  altitudes  (17-20  km),  the 
correction  is  in  the  proper  direction  if  the  so-computed  depletions  are  taken 
to  apply  to  the  latitudes  of  heavy  flight,  but,  based  on  limited  2-D  results, 
the  correction  does  not  seem  to  be  appropriate  if  results  are  to  be  treated  as 
hemispheric  averages.  Alternative  transformations  of  the  altitude  coordinates 
with  latitude  (tropopause  height)  as  used  by  Dickinson  (NAS,  1976a;  see  Section 
3.6.5)  might  be  preferable.  In  any  event,  such  arguable  corrections  obviously 
become  unnecessary  if  2-D  models  are  employed. 

The  above  comments  need  to  be  viewed  in  terms  of  a progress  report  on 
complex  problems.  Much  additional  study,  analysis,  and  data-taking  will  be 
necessary  before  understanding  of  these  processes  can  be  considered  adequate. 

A partial  list  of  problems  needing  attention  on  2-D  models  is  included  at 
the  end  of -Appendix  A. 


* 


} 


* 


3-102 


4.  POTENTIAL  EFFECTS  ON  MEAN  SURFACE  TEMPERATURE 
4.1  INTRODUCTION 

In  this  section,  the  possible  effects  that  high-altitude  aircraft  exhaust 
may  have  on  mean  surface  temperature  are  discussed  and  applied  to  a postulated 
SST  fleet.  The  extreme  limitations  in  current  understanding  of  what  causes 
changes  in  climate,  and  thus  in  our  ability  to  predict  such  changes,  are 
recognized.  Nevertheless,  if  a reasonable  probability  exists  that  some  activity 
may  affect  climate,  it  is  only  prudent  to  make  a best  estimate  with  available 
knowledge  of  the  magnitude  and  sign  of  the  effect,  along  with  estimates  of 
the  uncertainties  involved.  This  is  done  here,  using  various  climate  model 
results  developed  elsewhere,  primarily  in  CIAP.  The  COMESA  efforts  are  also 
reviewed,  as  are  NAS  (1975)  views  on  the  subject. 

A number  of  climate-modeling  at  -ry  -s  are  noted  in  the  following  material, 
but  the  application  studies  will  he  ‘’gely  on  1-D  models.  This  is  not 

because  of  any  preference  for  such  mod'  t is  rather  because  more  "usable" 

results  are  available  from  such  model?  present  time.  Discussion  will  be 

limited  to  mean  temperature  effects  ai.  .. cea..y-state,"  by  which  is  meant  effects 
resulting  after  a decade  or  more  of  continued  operations  at  some  constant  rate. 
Time-dependent  effects,  which  add  uncertainty  to  the  already  severe  uncertainties 
Implied  with  steady-state  effects,  are  discussed  in  Appendix  F,  wherein  the  type 
of  time-dependent  information  that  modelers  may  eventually  be  asked  to  provide 
is  illustrated. 

Before  proceeding  further,  it  i3  important  to  note  that  climate  modeling  of 
aircraft  effects  has  not  been  given  nearly  the  emphasis  that  has  been  given  to 
the  ozone-depletion  problem.  A single  effect  • — that  of  the  sulfate  aerosols  — 
was  emphasized  in  CIAP  studies;  other  effects,  those  from  ozone  depletion  and 
N02  and  water  addition,  were  treated  briefly.  Furthermore,  few  post-CIAP  results 
are  available.  Those  that  are,  and  which  are  mostly  qualitative  and  related  to 
the  recognition  of  the  importance  of  the  altitude  distribution  of  aircraft- 
related  perturbations  (R.E.  Dickinson,  1976;  V.  Ramanathan,  1977,  private  commu- 
nication), tend  to  cast  doubt  on  earlier  treatments.  Thus,  quantitative 

•indeed,  in  our  opinion,  In  order  to  account  for  known  latitudinal  and 
altitude  distribution  of  sources,  and  to  include  possible  feedback 
effects  (as  on  the  tropical  tropopause  temperature)  higher-dimension 
models,  including  some  chemistry,  are  mandatory.  Ultimately,  ozone- 
depletion  models  and  climate  models  may,  i <"act,  converge. 
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estimates  given  in  the  following  treatment  must  necessarily  be  viewed  with  consid- 
erable reserve.  However,  the  results  to  be  discussed  have  involved  significant 
research  effort,  and  are  believed  to  be  the  best  general  set  of  results  available 
for  application  at  this  time. 

As  noted  earlier,  application  studies  here  rely  heavily  on  results  generated 
or  included  in  CIAP.  However,  an  important  departure  is  made  from  CIAP  tech- 
niques (as  described  in  the  Report  of  Findings,  Appendix  B),  in  that  a correction 
for  sedimentation  is  made  in  the  case  of  sulfate  aerosols,  thereby  giving  exhaust 
gases  greater  residence  times  than  particulates;  this  point  was  made  in  NAS  (1975) 
and  by  others  (e.g.,  Newell,  1971)  earlier.  Also,  in  view  of  the  currently 
unmodeled  effects  of  contrails,  and  other  uncertainties  in  the  case  of  subsonics 
(see  however.  Section  4.3.3  in  the  following),  the  available  techniques  are  con- 
sidered applicable  only  to  aircraft  operating  primarily  in  the  stratosphere,  that 
is , SSTs.  The  case  studied  thus  involves  only  SSTs. 

4.2  BACKGROUND 

♦•2.1  Species  and  Effects  of  Concern 

It  was  noted  in  Section  2 that  the  primary  products  of  combustion  of  air- 
craft fuels  are  COg  and  HgO,  with  much  smaller  quantities  being  produced  of  N0x, 
CO,  S02,  unburned  hydrocarbons,  soot,  and  various  metal  oxides.  Of  these  various 
ingredients,  the  NAS  and  CIAP  reports  both  concluded  that  the  Ingredients  of 
primary  concern  in  a climatic  sense  are  SOg,  N0X,  and  HgO,  and  these  will  be 
emphasized  here.  C02,  while  an  obvious  candidate,  is  present  in  massive  quanti- 
ties in  the  atmosphere  (~500  ppm  by  mass)  so  that  atmospheric  C02  content  is 
relatively  unaffected,  even  by  large  fleets  of  aircraft;  furthermore,  because  of 
the  long  atmospheric  residence  time  of  COg,  the  effects  of  aircraft  C02  are 
probably  not  significantly  related  to  the  altitude  of  emission.  To  clarify  these 
points,  some  numbers  on  the  COg  question  are  provided  later  in  this  section. 

Water  vapor,  because  it  is  present  in  small  concentrations  in  the  stratosphere 
(~3  ppm  by  mass)  could  be  significantly  altered  in  content  by  large  fleets,  and 
because  of  its  importance  in  the  earth's  radiation  balance,  is  of  concern  in  a 
climatological  sense.  30g,  after  being  discharged  from  the  engines,  is  converted 
to  sulfuric  acid  particles  (nominally  75  percent  HgSO^),  and  such  particles  would 
also  affect  the  radiation  balance.  N0X  has  a twofold  effect.  First,  because  its 
addition  to  the  stratosphere  reduces  ozone,  which  is  important  in  ultraviolet, 
visible,  and  infrared  regions,  and,  second,  because  NOg  (as  part  of  the  N0X)  is 
a brown  gas  which  itself  absorbs  and  reemits  energy  over  a wide  spectral  range. 

In  addition  to  such  direct  effects,  various  possible  feedback  effects  can 
be  suggested  which  could  be  important.  Thus,  any  changes  in  stratospheric 
temperatures  due  to  ozone  depletion,  NOg  or  water  addition,  etc.,  could  affect 
the  tropopause  "cold-trap"  temperature  which  is  thought  to  have  a strong  effect 


on  stratospheric  water  content.  Any  change  in  cloudiness  is  important  climat- 
ologically  (Manabe  and  Wevherald,  1967 ; Schneider,  1972)  and  could  come  about 
due  to  changes  in  the  stratosphere*  or  directly  by  contrails.  Some  discussion 
of  effects  of  change  in  cloudiness  will  be  included  in  the  following  material,  . 
but  changes  in  cloudiness  are  generally  not  predictable. 

Numerous  other  effects,  presumably  secondary  in  significance,  can  also  be 
suggested.  Thus,  changes  in  stratospheric  temperatures  due  to  particulates  or 
water,  etc.,  affect  ozone  content  by  affecting  reaction  rates.  S02  itself, 
prior  to  conversion  to  HgSOjj  particulates,  is  an  absorber  of  UV-B.  Heat  added 
by  combustion  and  turbulence  induced  by  aircraft  motion  could  affect  atmospheric 
dynamics,  although  probably  in  a minor  way. 

4.2.2  Some  Observations  on  the  Various  Studies 

Before  -ing  into  further  detail  on  climatic  effects,  certain  philosophic 
differences  . Id  be  noted  among  the  NAS  (1975),  CIAP  (1974), •*  and  COMESA 
(1975)  reports.  The  NAS  (1975)  document,  after  some  discussion,  but  before 
drawing  conclusions,  states  (p.  55)  that 

In  summary,  it  is  possible  that  emissions  of  N0X,  S0X,  and  water 
vapor  by  high-altitude  aircraft  flying  in  the  stratosphere  may  pro- 
duce long-term  climatic  changes;  such  changes  may  or  may  not  be 
negligible  in  terms  of  effects  on  life  at  the  earth's  surfaoe. 

Although  climatic  effects,  if  they  occurred,  would  be  of  enormous 
importance,  the  link  between  stratospheric  modification  and  change 
of  climate  is  very  poorly  known,  (emphasis  added) 

Nevertheless,  the  NAS  document,  provides  some  rough  estimates  of  possible 
climatic  changes  from  aircraft  exhaust,  as  shall  be  noted  in  further  discussion. 
However,  it  is  clear  that  the  NAS  gives  less  credence  to  the  predictability  of 
climate  change  than  is  implied  in  the  CIAP  Report  of  Findings,  wherein  model- 
derived  estimates  of  effects  from  specific  constituents  (S02  and  HgO),  while 
admittedly  of  large  uncertainty,  are  computed,  costed  out,  and  plotted  against 
fleet  size. 

Both  CIAP  and  NAS  reports  treat  questions  of  climate  change  due  to  sulfate 
particles  independently  from  climate  changes  due  to  water  vapor,  even  though 
these  are  believed  to  be  of  opposite  sign  in  terms  of  temperature  changes,  and 


•Greenstone  (1976)  has,  in  fact,  noted  that  a correlation  exists 
between  reduced  ozone  and  increased  cloudiness  in  the  1966-1975 
period.  Pena  and  Hosier  (1970)  suggested  that  shock  waves  from 
SSTs  could  create  condensation  nuclei  in  supercooled  clouds. 

••Here  the  "CIAP  report"  refers  primarily  to  the  first  130  pages 
of  the  Report  of  Findings. 


both  come  from  the  same  aircraft  exhaust;  however,  the  CIAP  report  (Report  of 
Findings,  p.  xxiii,  p.  74)  does  argue  that  climatic  effects  of  ozone  depletion 
are  compensated  by  N02  addition;  the  COMESA  r^nort  (p.  xxi)  argues  that  compen- 
sating effects  should  be  netted  out.  No  evaluation  is  given  of  the  effects  of 
aircraft  exhaust,  in  its  totality,  in  either  CIAP  or  the  NAS  reports;  the  COMESA 
report,  while  claiming  to  take  compensating  effects  into  account  (p.  xvill)  is 
difficult  to  interpret  quantitatively  in  terms  of  fleet  effects  (see  Section 
4.3.3).  The  NAS  report  emphasizes  particulate  effects,  but  does  note  possible 
water  effects  at  various  points  in  the  text  (e.g.,  p.  54);  however,  in  the  Issue 
and  Findings  (p.  7),  the  water  vapor  question  is  specifically  discounted,  as 
follows: 

Although  large  fleets  of  SSTs  could  bring  about  a small  increase 
in  the  (stratospheric)  water  vapor  content,  this  would  have  only 
a small  influence  on  the  radiative  balance,  because  the  radiative 
effect  of  water  is  small  compared  with  that  of  carbon  dioxide,  whose 
concentration  is  a hundred  times  larger. 

This  statement  is  not  otherwise  elaborated  by  the  NAS.  Nevertheless,  some 
comparative  effects  numbers  are  provided  by  the  NAS.  In  fact,  the  NAS,  the  CIAP, 
and  COMESA  reports  all  suggest,  without,  in  the  case  of  NAS,  being  explicit,  that 
the  climatic  effect  (cooling)  of  aerosols,  from  fuels  containing  a nominal  0.05 
percent  sulfur,  is  greater  than  the  climatic  effect  (warming)  of  water  vapor  from 
burning  the  same  fuels.  (On  NAS,  p.  54,  it  1b  stated  that  global  average  warming 
due  to  H^O  may  be  of  the  order  of  0.1°  C due  to  "high-altitude  aircraft"  of  un- 
specified quantity;  on  p.  56,  it  is  stated  that  "high-altitude  flight  operations 
...would  produce  long-term  global  changes  of  no  more  than  a few  tenths  of  a 
degree  Celsius;").  The  CIAP  Report  of  Findings  comparison  states  (p.  74)  that 
the  S02  effect  is  about  1.75  times  the  H.,0  effect.  The  COMESA  report  (p.  516) 
shows  a water  vapor  effect  to  be  about  half  the  S02  effect,  but  the  numbers  on 
which  this  plot  is  based  are  difficult  to  reconstruct  (see  Section  4.3,  this 
report.)  Both  the  NAS  and  CIAP  reports  conclude  that  sulfur  should  be  removed 
from  aircraft  fuels  in  the  future.  COMESA  makes  no  recommendation  on  this 
matter. 

The  procedures  used  by  CIAP  and  COMESA  are  Ascribed  below.  The  NAS 
document  includes  no  independently  derived  techniques,  although  an  exploration 
is  made  therein  (Section  K)  of  the  uncertainties  in  the  CIAP  procedures. 

4.2.3  Mean  Changes  and  Their  Limitations 

An  Important  limitation  applies  to  all  the  model  approaches  to  be  discussed. 
This  is  that,  at  best,  an  estimate  of  a global  or  hemispheric  mean  change  (or  in 
the  2-D  case,  a zonally  averaged  change)  is  obtained.  It  is  recognized  that 
climatic  changes,  which  occur  naturally,  are  usually  greater  in  high  latitudes 


than  in  tropic  latitudes,  but  for  aircraft  sources  concentrated  in  the  mid-lati- 
tudes, these  observations  might  be  misleading.  Furthermore,  it  is  not  known 
how  any  resultant  mean  changes  might  be  distributed  in  an  east-west  sense  nor  in 
a seasonal  sense.  That  is,  an  average  decrease  in  temperature  might  involve  a 
cooling  in  one  part  of  the  world  or  one  part  of  the  year,  and  a warming  elsewhere 
or  at  a different  time.  Similarly,  a zonal  average  model  might  show  reduced 
average  precipitation  in  certain  latitude  bands,  but  this  might  involve  an 
averaging  of,  say,  rainfall  in  the  Pacific  Northwest  rain  forest  and  the  Sahara 
Desert,  a case  where  the  distribution  of  the  change  would  be  all-important.  It 
is,  of  course,  also  possible  that  a net  effect  of  some  perturbation  on,  say,  mean 
hemispheric  temperature  could  be  zero,  but  that  a redistribution  of  some  type  in 
a time  or  geographical  sense  would  be  involved  which  could  be  significant.  Such 
questions  are  far  beyond  the  modeling  work  discussed  in  the  following. 

4.3  CLIMATE  CHANGE  MODELING 
4.3.1  Climate  Modeling  In  General 

The  various  climatic  modeling  approaches  are  discussed  in  Chapters  6 and  7 
of  Monograph  4;  Appendix  F,  of  the  CIAP  Report  of  Findings;  and  Chapter  5 of  the 
COMESA  report.  A lr.rge  body  of  literature  also  exists  — papers  by  Oates  (1975), 
Smagorinsky  (1974),  and  Schneider  and  Dickinson  (1974)  are  particularly 
noteworthy. 

The  best  models,  from  a theoretical  point  of  view,  are  time-dependent,  3-D 
models;  these  incorporate  as  much  fundamental  physics  as  possible.  A number  of 
such  models  exist.  At  this  time,  however,  it  is  probably  fair  to  state  that  even 
the  most  advanced  such  models  — although  having  made  great  progress  — are  still 
in  an  early  state  of  development,  and  faced  with  severe  computational,  data,  and 
even  theoretical  problems.  The  computational  problems  are  such  that  only  a small 
number  ["one  to  several  dozen,"  (Gates,  1975),  assuming  coordinated  usage]  of' 
"experiments"  can  be  performed  each  year.  Data  questions  are  numerous  as,  for 
example,  in  whether  the  sun  has  been  constant  during  known  climatic  changes  and 
possible  effects  thereof  [see  Dickinson  (1975),  Lockwood  (1975)],  how  the  oceans 
circulate,  etc.  Cloud  behavior  is  critical,  but  poorly  known.  Theoretical 
questions  have,  in  fact,  been  raised  about  whether  climate  is  even  deterministic, 
i.e.,  whether  it  can  shift  to  various  alternative  states  without  shifts  in  exter- 
nal forcing  functions.  A decade  or  more  may  yet  be  required  before  such  models 
can  be  expected  to  treat  the  aircraft-induced  climate  change  question  quantita- 
tively . 

As  noted  above,  a full  discussion  of  CIAP-climate-modeling  approaches  is 
available  in  CIAP  Monograph  4,  and  of  COMESA  modeling  efforts  in  Chapter  5 of  the 
COMESA  report.  Only  a very  brief  review  of  these  efforts  is  attempted  here. 
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4.3.2  CIAP  Climate  Modeling 


A.  Discussion 

The  CIAP  climate  change  computations  (cf.  Appendices  B,  E,  and  P,  CIAP 
Report  of  Findings)  were  based  primarily  on  1-D  modeling,  modified  somewhat, 
however,  for  possible  ice-albedo  feedback  effects,  and  for  hemispheric  effects 
(as  compared  to  global  average  effects)  from  2-D  and  3-D  (ozone  depletion)  and 
3-D  (general  circulation  models,  inert  tracer)  models.  These  results  are  dis- 
cussed herein.  CIAP  also  sponsored,  and  preliminary  results  were  obtained  from, 
a 2-D  zonally  averaged  climate  model  (ZAM),  but  no  quantitative  conclusions  were 
drawn  from  the  results  in  terms  of  potential  aircraft  effects  (see  CIAP  Report 
of  Findings,  pp.  46  and  F-127  to  F-130). 

In  dlscusuing  climate  change  modeling  "in  CIAP,"  it  is  necessary  to 
distinguish  the  material  used  in  the  Report  of  Findings  in  the  main  text,  pre- 
pared about  September/October  1974,  from  additional,  mostly  later,  modeling 
results,  — which  became  available  in  time  for  inclusion  in  Appendices  E and  F. 
Subsequent  material  also  has  come  from  Ramanathan  et  al.  (1976),  Harshvardhan 
and  Cess  (1976),  and  Pollack  et  al.  (1976,  1976a).  Thus,  the  water  vapor  effect 
in  the  main  text  of  the  CIAP  Report  of  Findings  was  based  (p . B-28)  on  Manabe 
and  Wetherald  (1967);  the  ozone-NOg  changes  were  assumed  to  cancel  out,  based 
on  preliminary  calculations  (CIAP  Report  of  Findings,  p.  74);  and  aerosol 
effects  were  apparently  based  on  early  single  wavelength  calculations  of  Herman. 
However,  additional  later  data  were  presented  in  the  appendices  (see,  e.g.  , 
pp.  B-23  and  F-116).  The  available  data  will  be  discussed  b,elow.  However,  these 
data  leave  much  to  be  desired  in  terms  of  consistency  and  other  factors.  Thus, 
effects  of  water  vapor  increases,  ozone  reductions,  and  NOg  increases  were  all 
treated  in  a model  in  which  the  distribution  of  tropospheric  relative  humidity 
was  held  constant  for  any  given  surface  temperature  (but  varied  with  surface 
temperature  changes),  whereas,  in  CIAP,  the  aerosol  effects  were  computed  with- 
out coupling  in  changes  in  tropospheric  water  vapor;  a late  paper  (Pollack 
et  al.,  1976a)  includes  such  effects  for  aerosols  but  gives  no  results  for  water 
vapor  or  other  gaseous  constituents.  The  constant  relative-humidity-distribution 
model  gives  about  twice  the  effects  that  an  earlier  constant-absolute-humidity- 
distribution  model  did  (Manabe  and  Wetherald,  1967;  Ramanathan,  1976).  In 
Ramanathan's  modeling  studies  (1974),  the  changes  in  HgO,  NOg,  and  0^  were 
assumed  to  be  constant  with  altitude  in  terms  of  percentage  mixing  ratio  changes; 
however,  Ramanathan  et  al.  (1976)  note  the  importance  of  the  distribution  of 
changes  in  a vertical  sense  (as  well  as  in  a latitudinal  sense)  but  the  tie  to 
aircraft  effects  has  not  yet  been  made.  Aerosol  computations  in  CIAP  were 
based  on  an  assumed  uniform  loading  from  15  km  to  25  km  over  the  hemisphere, 
which  is  probably  unrealistic.  Furthermore,  the  CIAP  work  on  aerosols  included 
what,  in  effect,  is  a 2-D  ice-albedo  feedback  correction  which  makes  computed 
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effects  about  1.5  times  those  computed  in  certain  1-D  models,  as  were  used  in 
computing  gaseous  effects.  The  change  in  results  if  this  factor  is  included 
is  noted  below. 

Different  modeling  approaches  were  thus  used  in  CIAP  in  determining 
the  climatic  effects  of  added  stratospheric  aerosols  and  of  changes  in  the 
gaseous  constituents  (water  and  N0X  additions  and  ozone  decreases).  Latitude 
and  altitude-distribution  questions  were  not  addressed.  Effects  were  not  con- 
sidered simultaneously  or  interactively.  Some  data  on  additivity  (i.e.,  the 
absence  of  interactions),  were  developed  by  COMESA  (Section  4.4.5). 

B.  Gaseous  Constituent  Changes  { Hg 0 , 03  , HOg ) 

1 . Models  Used  The  data  that  follow  are  based  on  the  1-D  radiative 
equilibrium,  constant  relative  humidity  distribution  modeling  results  of 
Ramanathan  (see  material  following  p.  F-90  and  p.  P-125,  ROF).  Two  sets  of  his 
modeling  results  are  available,  based  on  constant  cloud-top  altitude  (CCTA)  and 
constant  cloud-top  temperature  (CCTT)  models.  At  one  point  recently,  based  on 
the  work  of  Cess  (1975) « the  constant  cloud-top  temperature  model  was  believed 
to  be  preferred;  more  recently,  however,  it  appears  there  is  no  theoretical 
preference  for  one  or  the  other  (Ramanathan,  private  communication,  1976). 

As  shown  by  Manabe  and  Wetherald  (1967),  the  constant  relative  humidity 
assumption  seems  to  fit  existing  data  on  tropospheric  humidity  b tter  than  the 
assumption  of  constant  absolute  humidity;  unfortunately,  this  agreement  does 
not  necessarily  establish  the  validity  of  the  model  under  perturbed  conditions. 
Also,  because  these  are  equilibrium  models,  there  is  no  information  provided  on 
the  rate  of  approach  to  a new  equilibrium  state. 

2.  Water  Vapor  The  water  vapor  change/surface  temperature  effects 
obtained  by  Ramanathan  (1974)  and  CIAP  Report  of  Findings  (p.  F-125)  for  a 
CCTA  model,  assuming  an  initial  3-ppm  (mass)  mixing  ratio  of  HjO  in  the  strato- 
sphere are  shown  in  Table  4.1. 

TABLE  4.1.  SENSITIVITY  OF  SURFACE  TEMPERATURE  INCREASE  (°C) 

TO  STRATOSPHERIC  INCREASE  OF  WATER  VAPOR  (ppm) 

SOURCE:  Ramanathan,  1974 


Stratospherl c Mass  Temperature  Increase  (°C) 

Mixing  Ratio  Constant  Cloud-Top 

of  Hz0  Altitude 


3.0 

X 

10'6 

0 

3.3 

X 

10"6 

0.06 

3.6 

X 

10“6 

0.12 

4.5 

X 

10'6 

0.27 

6.0 

X 

io-6 

0.50 
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For  small  changes  In  the  range  of  Interest,  the  range  appears  to  be, 
for  the  CCTA  model,* 


where 


is  In  °C  or  K (Kelvins). 


Note  that,  while  the  model  Is  developed  in  terms  of  a ratio,  the 
temperature  change  is  not  extremely  sensitive  to  the  background  water  vapor 
value  used.  Thus,  for  1.5-ppm  change  from  3.0  to  4.5  ppm,  the  temperature 
change  is  0.27  K;  for  the  next  1.5  ppm,  the  change  is  0.23  K.  The  constant 
(0.6)  should  be  changed  with  the  background  water  assumed,  although  later  herein 
we  treat  2.67  ppm  * 3 ppm,  and  make  no  correction. 

For  the  CCTT  model,  the  results  are  60  percent  larger,  giving 

AH?0 

AT  - 1.0 

The  CCTA  model  implies  a x value  of  100  K,  i.e.,  an  0.01  change  in 
solar  constant  leads  to  a temperature  change  of  1 K,  whereas  the  CCTT  model 
Implies  a x value  of  160  K.  One  of  us  (H.  Hidalgo),  and  J.  Coakley  (private 
communication,  1976),  argue  as  noted  earlier,  that  these  values  should  be  multi- 
plied by  1.5  to  include  the  ice-albedo,  decade  time-frame,  feedback  effects 
Included  in  the  treatment  of  aerosols.**  However,  the  implications  of  this  have 
not  been  pursued  in  terms  of  the  implied  energy  balances  within  the  models 
(Ramanathan,  1976,  private  communication). 

Several  techniques  have  been  used  to  estimate  the  fractional  change  in 
stratospheric  water  vapor  for  a given  aircraft  source  strength.  The  approach 
used  in  the  CIAP  Report  of  Findings  (and  herein)  treats  water  vapor  as  a gaseous 
pollutant  with  removal  at  the  ground  or  in  the  troposphere.  Weickmann  (p.  7-22, 
CIAP  Monograph  3)  and  the  COMESA  report  (see  below)  ratio  an  aircraft  source 
strength  to  the  natural  flux  into  (and  out  of)  the  stratosphere;  this  method 


*CIAP  Report  of  Findings  (p.  B-28)  used  a proportionality  constant 
of  0.5  K rather  than  0.6  K,  basing  the  number  on  results  from  an 
assumed  doubling  of  water  vapor.  Also,  V.  Ramanathan  (private  commu- 
nication, 1977)  points  out  that  a preferred  form  for  this  relationship 


would  be  AT  * 1.2 


(A  -> 


where  H is  the  perturbed  water  contact 


and  HQ  is  3 ppm  (mass).  The  differences  are  negligible  in  the  range 
of  Interest. 

**Also  Coakley  (1976)  based  on  different  emlssivity  data  (Cess,  1974) 
finds  the  temperature  change  due  to  added  water  to  be  considerably 
smaller  than  does  Ramanathan,  obtaining  values  about  65  percent  of 
those  found  by  Ramanathan. 
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ignores  changes  in  residence  time  with  changes  in  aircraft  altitude,  and  may 
well  give  low  estimates  of  stratospheric  water  perturbations  by  SST  and  high 
values  for  subsonics.  A third  method  is  that  of  the  1-D  injection  coefficient 
as  used  by  Hunten  (pp.  116-118,  NAS  Report;  also  Appendices  C and  D,  this 
report),  which  computes  the  augmentation  in  mixing  ratio  above  the  point  of 
injection;  as  the  injection  coefficient  increases  more  rapidly  with  altitude 
than  the  residence  time  (the  mixing  ratio  decreases  below  the  point  of 
injection),  this  method  tends  to  maximize  aircraft  altitude  effects.  As  the 
fluxes  of  water  vapor  in  the  stratosphere  are  not  well  understood  (see  Chapter 
7,  C1AP  Monograph  3;'  also  Section  3.3.2,  CIAP  Monograph  1),  the  ’’correct" 
method  is  obviously  unknown  and  debatable.  In  all  cases,  some  correction  is 
necessary  to  adjust  for  the  concentration  of  air  traffic  within  a hemisphere. 

According  to  Weickmann  et  al.  (CIAP  Monograph  3,  p.  7-19),  the  global 
stratospheric  water  content  in  1.78  x 10  ^2  kg,  based  on  2.67  ppm  (mass)  and  a 
stratospheric  mass  of  6.67  x 10^  kg.  Hidalgo  (p.  P-126,  CIAP  Report  of 
Findings)  quotes  1.6  x 1012  kg.  Sundararaman  (CIAP  Report  of  Findings,  p.  B-28) 
used  2.2  x 1012  kg.  Weickmann  questions  (p.  7-l8),  however,  whether  the  2.67 
ppm  figure  is  consistent  with  other  data  (the  cold-trap  temperature,  calling  for 
3.1*  ppm,  and  the  recognized  CHi,  oxidation  flux),  so  the  figure  may  be  low. 

“ j.  2 

Nevertheless,  as  the  Monograph  3 panel  estimate,  the  figure  of  1.78  x 10  kg 
is  adopted  here  for  the  unperturbed  global  stratospheric  burden  of  water  vapor. 

These  calculations  for  water  effects  do  not  include  changes  in  earth 
albedo  due  to  changes  in  water  vapor,  a positive  feedback  effect  which  would 
increase  the  water  vapor  warming  results  about  10  percent  (Ramanathan,  1976), 
nor  a change  in  tropopause  cold-trap  temperature,  a feedback  effect  which  could 
be  Important  for  all  perturbations,  but  which  is  not  quantified  by  Ramanathan. 
These  points  need  further  study,  but  probably  will  require  use  of  a 2-7)  or 
3-D  model. 

3.  Ozone  Reductions*  Ramanathan ’s  results  for  N02  and  03  changes  in  CCTT 
models  are  given  in  the  CIAP  Report  of  Findings,  p.  F-90.  The  temperature 
change  is  roughly  linear  in  fractional  ozone  change,  again  assuming  that  ozone 
is  fractionally  depleted  uniformly  between  12  km  and  1(0  km.  For  ozone  depletions 
up  to  10  percent,  in  the  absence  of  N02  changes,  we  interpret  his  results  as 
follows: * 


•Here  we  must  note  that  a demurrer  has  been  entered  by  Ramanathan  (private 
communication,  1977)  to  the  effect  that  the  separation  of  NO2  and  ozone 
effects  as  done  here  may  be  invalid.  We  do  not  disagree  in  principle,  but 
argue  that  the  technique  used  fits  (reasonably)  the  data  points  generated 
by  his  model,  and  in  view  of  some  evidence  of  linearity,  should  not  be 
overly  misleading  as  an  interpolation  procedure  where  both  effects  are 
present. 


Again,  it  would  appear  that  a factor  of  1.5  should  be  applied  to  these 
values  if  ice-albedo  decade  time-frame  feedback  effects  are  to  be  included 
(Hidalgo,  private  communication,  1976)  in  the  same  fashion  as  recommended  for 
aerosol  effects.* 

The  proportionality  "constants”  (0.76  and  1.25)  change  slightly  at 
greater  depletions  (being  0 . 8 5 4 and  1.38,  respectively,  at  50  percent  depletion). 
The  calculations  are  based  on  an  ozone  column  of  0.3^  atm-cm  of  0^,  with  a peak 
ozone  density  at  an  altitude  of  22  km. 

Note  that  in  developing  these  data,  Ramanathan  assumed  changes  in  ozone 
only  between  12-km  and  H0-km  altitude.  In  1-D  ozone  depletion  modeling  however, 
the  computed  change  reported  is  in  terms  of  the  percentage  change  in  the  total 
ozone  column.  The  great  bulk  of  atmospheric  ozone  is,  of  course,  in  the  12-km 
to  40-km  range,  so  that  relatively  little  error  should  be  introduced  by  treating 
the  two  depletions  as  equivalent;  this  approximation  is  made  here. 

Ramanathan  et  al.  (1976)  also  report  briefly  on  effects  (deduced  from 
their  1-D  model)  of  vertical  and  latitudinal  distribution  of  ozone  changes,  and 
their  resultant  effects  on  surface  temperature.  The  conclusions  are  that,  if 
ozone  is  reduced  nonuniformly , being  greater  at  lower  altitudes,  the  surface- 
temperature  effects  increase;  also,  the  effects  will  be  amplified  several-fold 
in  polar  regions. 

4.  NOn  Changes  Ramanathan,  197 ^ (p.  P-90,  CIAP  Report  of  Findings), 
using  the  same  1-D  model,  reported  surface  temperature  changes  as  a function  of 
N02  changes  in  the  presence  of  ozone  changes.  Changes  were  again  assumed  to  be 
uniformly  fractional  with  altitude.  The  initial  NOg  distribution  used  was  one 
provided  him  by  J.  Chang  of  Lawrence  Livermore  Laboratory.  By  algebraic 
manipulation**  of  his  results,  we  obtain; 


•The  recent  results  of  Reck  (1976)  should  also  be  noted.  She  finds  that 
ie  effects  of  ozone  depletion  on  surface  temperatures  are  dominated  by 
the  presence  or  absence  of  low-lying  particulate  layers,  cooling  in  the 
absence  of  particles  but  heating  in  their  presence.  These  results  have 
not  been  confirmed  by  other  Btudies,  to  our  knowledge. 

••Note  again  Ramanathan' s demurrer  about  the  separation  of  NO2  and  O3 
effects  (previous  page). 


0.0278 


0 . 04145 


As  was  the  case  with  ozone,  AN02/N02  refers  to  the  fractional  change 

in  N02  column  between  12  km  and  40  km.  The  unperturbed  N02  column  above  13*  km 

used  by  Ramanathan,  based  on  Chang's  1974  K profile,  is  4.06  x lO1^  mol/cm2; 

z 

his  N02  perturbation  results  assume  uniform  changes  (percentage-wise)  in  N02 
column  between  12  km  and  40  km.  In  order  to  obtain  AN02/N02,  it  is  necessary 
to  know  what  fraction  of  the  added  NOx  becomes  N02.  Data  on  this  point  were 
obtained  from  four  of  the  runs  at  Livermore  made  12-13  December  1975-  Results 
are  given  in  Table  4,2. 


TABLE  4.2.  RATIO  OF  N02  CHANGES  TO  NOy  (NO  + NO?  + HNO3) 
CHANGES  AND  OZONE  CHANGES  TO*  VARIOUS  CASES 


Chang/1974  Hunten/1974  Chang/1974  Hunten/1974 


N02  Injection,  kg/yr 
Altitude,  km 
-A03/°3 
AN0, 


AN02/AN0y 

<*N02  > 12Cp 

AN02/(m>2  > 12)unp 


2.E8 

15 

0.002355 

0.07165E1 5 

0.29615E15 

0.242 

4.1627E15 

0.0172 

7.309 


2.ES 

15 

0.005767 

0.1427011 S 

0.55627E15 

0.257 

5.1109E15 

0.0279 

4.84 


aUnperturbed 

h ■ C(i«0,/ti«02  > '2)unperturb,4n/-u0j/(i3] 


2.E8 

19 

0.00952 

0.211 96E1 5 

0.7130E1 5 

0.297 

4 . 1 62 7 E 1 5 

0.0509 

5.35 


0.15208 
0. 38206E1 6 
1 . 1 3347E1 6 
0.337 
5.11 09  E 1 5 
0.7475 
4.92 


Note  in  Table  4,2  that  ANC>2/AN0y  varies  from  24  percent  to  34  percent 
over  a wide  range  of  conditions.  Note  also  that  the  N02  column  above  12  km 
varies  with  the  Kz  profile.  The  ratio  (6)  of  total  NQ2  column  change  to 
original  N02  column  above  12  km  to  Vhe  fractional  change  in  ozone  varies  in 


•A  slight  discrepancy  appears  to  be  implied  between  Ramanathan 's  use  of 
this  figure,  which  refers  to  a column  above  13  km,  and  the  use  by  him 
of  a perturbed  atmosphere  above  12  km. 
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these  case*  from  1.8  to  7.3.  A figure  of  6 ms*  quoted  by  Pamanathan.*  The 
total  change  in  N02  column  la  used  here  largely  because  no  other  data  are 
available;  however,  Ramanathan  (private  communication,  1976)  has  argued  that 
the  altitude  distribution  of  N0?  changes  la  not  critical  to  surface  temperature 
change  calculations,  and  most  of  the  N02  change  is  in  the  stratosphere.  However, 
stratospheric  temperatures  are  affected  by  the  altitude  distribution  of  this 
added  N02< 

The  complexities  are  many  and  there  la  little  point  in  attempting  too 
many  refinements  w?th  available  data.  We  thus  use  (see  Section  E below)  an 
NO^  cooling  figure,  as  discussed,  and  assign  27  percent  as  the  N02  fraction  of 
the  added  N0x  burden,  which  is  computed  from  the  NO*  input  rate  and  "esldence 
time,  as  computed  from  profiles.  On  a global  total,  Ramanathan’s  N02  value 

of  A. 06  x 1015  mol/cm^  is  equivalent  to  1.58  x 109  kg.  It  follows  that: 

AN0, 

ATccta  • 0.0278  x 0.27  x ANOx/1.58  x 109  • 0.0075  ——----9  , 

Q ANO. 

AT--—  - O.0AA5  x 0.27  x 4NO  /I.58  x 10s  - 0.012 2— „ . 

CCTT  x 1.58  x 10* 

As  was  noted  for  water  vapor  and  ozone  effects,  it  has  been  argued 
that  a factor  of  1.5  should  b#  applied  to  these  numbers  Tor  consistency  with 
the  x value  quoted  for  particulates. 

The  NOj  warming  effect  is  a relatively  small  one,  as  later  comparison 
will  show. 

C.  Particulates 

Particulates  from  Jet  fuel  exhaust  come  primarily  from  sulTur  in  the 
fuel,  but  may  also  come  from  metals  in  the  fuels,  erosion  of  the  engines,  and 
from  soot  and  hydrocarbons  due  to  incomplete  combustion.  Sulfur  contents  appear 
to  be  - 0.05  percent  on  the  average,  but  vary  from  - 0.02  to  0.15  percent 
(CIAP  Monograph  2,  p.  2-5);  the  COMESA  report  gives  0.05  to  0.12  percent  for 
British  fuels.  The  value  permitted  by  specification  is  0.3  weight  percent  for 
commercial  fuels.  At  0.05  percent  sulfur,  converted  to  75  percent  sulfuric 
acid,  the  particulate  emission  index  becomes  2.0A  g/kg  of  fuel.  The  nonsulfur 
components  are  small  in  a relative  sense  st  0.05  percent  sulfur,  but  would  need 
further  examination  If  the  fuels  are  desulfurized. 

The  climatic  Impact  of  the  sulfur-containing  oxidation  products  of  Jet 
fuels  Involves  a number  of  poorly  determined  factors  (see  CIAP  Monograph  3, 
-Chapters  6 and  8).  The  kinetics  of  the  oxidation,  nucleatlon,  and  condensation 


•Note  also  that  Cunnold  <p.  E-80,  CIAP  Report  of  Pindlngs)  gives  a 12 
percent  global  decrease  in  for  a 38  percent  increase  in  NOy,  which, 
If  the  NOj  portion  of  the  total  NO*  remains  roughly  constant,  gives  a 
4 value  of  3.2.  (Table  A-2) 


processes  are  not  well  known;  the  optical  properties  and  the  size  distribution 
and  shape  of  the  resultant  particulates  are  critical,  but  by  no  means  unequivo- 
cally established,  the  Mie  theory  may  not  be  valid  for  the  shapes  involved, 
etc.,  [although  Pollack  et  al.  (1976a),  argue  that  It  is  a good  approximation]. 
The  residence  times  to  be  used  for  S02-based  particulate  products  is  almost 
certainly  less  than  for  gaseous  products,  but  how  much  less  is  unclear,  in  view 
of  questions  regarding  the  altitude  and  rate  at  which  the  gases  are  converted 
to  particles  (which  may  differ  from  the  altitude  of  injection)  and  the  appro- 
priate mean  particle  size.  Larger  particles  (e.g.,  0 . 3-ym-radius  diameter) 
settle  more  rapidly  but  also  have  more  effect  on  light  scattering  than  do 
smaller  particles.  At  high  altitudes  (above  30  km  to  35  knr);  the  temperatures 
may  be  high  enough  to  evaporate  sulfuric  acid  particles  (Hamill  et  al.,  1976); 
also,  the  particles  would  be  expected  to  grow  as  they  settle.* 

As  noted  earlier,  the  computations  in  CIAP  assumed,  for  working  pur- 
poses, that  the  aerosol  particles  were  uniformly  distributed  in  a shell  10-km 
thick  (at  an  altitude  of  15  km  to  25  km)  over  the  earth;  this  shell  has  a 
volume  of  5.1  x 101®  m^.  The  Friend  particle  size  distribution  (see  CIAP  ROF 
p.  E-135)  was  used,  with  a mean  particle  radius  of  0.3  pm.  The  scattering 
properties  of  this  layer  were  estimated,  originally  bv  Herman  p.  F-116,  CIAP 
Report  of  Findings  using  a single  wave V':ng,tn  cf  Jignt  (0.5  pm),  but  later 
extended  to  include  an  integration  over  the  visible  wavelength  regime.  However 
none  of  the  CIAP  calculations  included  the  longwave  effects,  which  may  reduce 
the  cooling  effects  by  about  20  percent  (Harshvardhan  and  Cess,  1976)  to  about 
i(0  percent  (Pollack  et  al.,  1976a).  The  increased  optical  depth  was  estimated 
from  these  calculations,  using  best  estimates  of  the  optical  properties.  The 
increased  optical  depth  was  found  (see  p.  F-116,  CIAP  ROF)  to  be  linear  in  the 
increased  particulate  loading;  the  increase  In  optical  depth  was  used  as  one 
possible  measure  cf  acceptability  of  change  in  the  CIAP  Report  of  Findings. 

For  climatic  change  estimates,  however,  the  optical  depth  increase  has  been 
converted  to  a change  in  equivalent  solar  constant,  and  then,  based  on  various 
model  estimates,  converted  to  a change  in  global  mean  temperature;  the  pro- 
cedures thus  differ  from,  and  are  not  directly  comparable  to,  models  such  as 
that  used  by  Ramanathan  et  al.  (1976),  in  which  humidity  and  cloudiness 
parameters  are  prescribed.  Herman's  single  wavelength  values  were  apparently 
used  in  the  main  text  of  the  CIAP  Report  of  Findings;  it  would  appear,  however, 
that  the  wavelength-integrated  numbers  should  be  preferable.  On  this  basis, 
using  Pollack-Toon  results  (p.  F-116,  CIAP  ROF), 


•The  source  of  the  natural  sulfate  layer  (the  Junge  layer)  is  a matter 
of  debate.  Crutzen  (1976b)  suggests  that  the  source  is  not  SO2  from  the 
troposphere  but  C£>u,  which  Is  oxidized  above  the  Junge  layer. 
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- - 0.0061  ASd  , 

where  6a/a  is  the  fractional  change  in  solar  constant  and  AS,  is  the  increase 
in  particulate  loading,  in  yg/m.  (Note  that  1 yg/nr  in  5*1  x 10  nr 
corresponds  to  5*1  Mt. ) The  proportionality  constant  (0.0061)  was  found  by 
two  other  investigators  to  be  0.0046  and  0.011,  respectively,  (see  p.  F-116, 
CIAP  ROF).  In  recent  modeling  work,  however.  Pollack  et  al.  (1976a)  on  re- 
evaluating the  correcting  (~  40  percent)  for  longwave  effects  and  incorporating 
constant  relative  humidity  (and  other)  specifications,  found  considerably  lower 
effects.  Their  results  are  not  presented  directly  in  the  CIAP  format,  but  they 
provide  data*  for  a constant  relative  humidity  model  from  which  the  proportion- 
ality constant  can  be  calculated  to  be  0.00232,  ~ 40  percent  of  the  value 

derived  from  their  earlier  work.  Pollack  et  al.  (1976a),  do  not  describe  their 
work  in  terms  of  constant  cloud-top  altitude  or  constant  cloud-top  temperature; 
their  model  assumed  50  percent  cloud  cover,  with  the  clouds  at  3 km  to  6 km. 

In  the  CIAP  work,  to  convert  to  global  average  temperature  change,  a 
X value  of  150  K (after  about  10  years)  was  recommended,  giving, 

AT  - - 150  (0.0061)  ASd  - - 0.915  ASd 
* - 0.179  AMS 

where  AMg  is  the  mass  of  added  sulfate  particles  in  the  global  stratosphere, 
in  megatons.  A slightly  different  relationship,  AT  **  - 0.8  ASd  is  reported  by 
Coakley  and  Grams  (1976)  in  recently  published  work  which  followed  their  CIAP 
efforts. 

Pollack  et  al.  (1976a)  develop  a x value  of  112  K which  they  find  to 
be  in  good  agreement  with  Manabe-Wetherald  (1967)  who  used  a value  of  120  K; 
their  temperature  change  relationship  becomes  for  the  case  described: 

AT  - - 112  (0.00232)  ASd  - - 0.260  ASd 
« - 0.051  AM  . 

s 

The  significance  of  these  results,  using  the  0.915  ASd  relationship,  is  that, 
on  a global  average  basis,  the  cooling  resulting  from  a loading  of  1 Mt  of 
particles  at  15  km  to  25  km,  consisting  of  75  percent  HgSOjj  with  a specified 


•Using  their  (1)  Fig.  7,  Model  A (constant  relative  humidity),  (2) 
Eq.  3b,  and  (3)  X * 112  (p.  255): 


6c  _ AT  -8.4  At  -°-26°4  ASd 

a 112  “ ITS  - 112 


0.00232  ASd  . 
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size  distribution,  if  maintained  for  10  years,  would  be  0.179°  C.  Using  the 
Pollack  et  al.  (1976a)  results,  the  global  average  cooling  resulting  from  a 
loading  of  1 Mt  would  be  0.051°  C.  This  result  is  in  reasonable  agreement  with 
values  found  empirically  by  Oliver  (1976),  in  which  dust  loadings  were  based  on 
a hemisphere,  and  were  thus  two-fold  larger  per  Mt. 

Several  possible  adjustments  may  be  considered  in  estimating  particulate 
effects,  or  when  considering  various  authors’  results.  One,  the  fraction  of  S02 
converted  to  sulfate  particles,  has  been  estimated  in  a 1-D  model  by  Chang  (see 
p.  F-98,  CIAP  ROF)  as  0.965  for  injections  at  20  km  and  0.883  at  17  km,  with 
slightly  lower  values  at  lower  altitudes.  This  correction  will  be  closer  to 
unity  for  longer  residence  time  models  (CIAP  report  and  Hunten),  but  no  values 
are  available;  in  view  of  other  uncertainties  (as,  for  example,  in  residence 
times  of  gases  versus  particles),  the  correction  will  be  ignored  in  later  work 
here.  A second  correction,  which  may  be  necessary  when  comparing  different 
investigators,  involves  the  particle  density,  as  scattering  involves  the  volume 

■3 

rather  than  mass  of  the  particles.  A value  of  2 g/cm  , as  used  by  Pollack 
et  al.  (1974,  1976a),  is  believed  to  be  approximately  correct.  (A  value  of  2 
g/cnr  at  stratospheric  temperatures  seems  reasonable,  somewhat  above  the  hand- 
book value  of  1.67  g/cm^  for  75  percent  sulfuric  acid  at  room  temperature.)  A 
third  correction  relates  the  mass  of  aerosols  (at  75  percent  H2S0^)  to  the  mass 

of  SO-  converted.  We  have  used  the  figure  2.04  - 98  (mol  wt  HgSO^  < 1 1; 

* L 54"  (mol- wt"SC'2 ) T577T5J 

Pollack  et  al.  (1976a)  quote  1.6.  In  general,  these  corrections  are  not  of 
great  concern,  considering  the  uncertainties  in  the  computation  of  ^2.  0r  in  the 
value  of  X* 

D.  Hemispheric  Factors 

Calculations  based  on  techniques  given  in  Sections  B and  C are  for 
global  average  changes.  Most  traffic,  however,  is  in  the  Northern  Hemisphere, 
and  most  of  the  pollutant  burden  will  be  in  the  Northern  Hemisphere.  To  correct 
for  this,  a "hemispheric  factor"  recognizing  the  work  of  Mahlman  (see  p.  E-95* 
CIAP  R0F)  and  Alyea  et  al.  (1974)  is  needed  t/o  obtain  Northern  Hemisphere 
loadings  compared  to  a uniformly  distributed/ global  burden  for  the  same  input 
rate.  Available  data  suggest  that  a figure  /of  1.3  to  1.4  is  applicable  for 
flight  in  the  17  km  to  20  km  region  at  40°  to  60°  N,  implying  that  65  percent 
to  70  percent  of  the  equilibrium  burden  is  in  the  Northern  Hemisphere  and  30 
percent  to  35  percent  in  the  Southern  Hemisphere  (see  pp.  E-89,  E-95,  E-99, 

CIAP  R0F).  However,  this  factor  would  likely  vary  from  perhaps  nearly  2.0 
(100  percent  in  the  Northern  Hemisphere)  for  low-altitude,  high-iutitude  flight, 
to  perhaps  1.1  or  1.2  for  high-altitude,  low-altitude  flight  (see  Alyea  et  al., 
1974).  It  could  also  vary  with  the  gas  or  species  being  considered  and  for 
particulates  relative  to  gases.  These  points  have  not  been  studied  adequately. 
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E . Residence  Times 

Residence  time,  as  defined  in  the  CIAP  report  for  use  in  applying  1-D 
modeling  results,  signifies  the  stratospheric  burden  at  steady  state  divided  by 
the  input  flux,  using  a 1-D  model,  assuming  a ground  sink.  This  burden  is 
necessary  to  estimate  mean  temperature  changes.  The  computations  in  the  CIAP 
Report  of  Findings  are  based  on  this  concept,  except,  there,  the  residence  times 
quoted  are  total  atmospheric  residence  times,  including  the  tropospheric  com- 
ponent. For  gases  with  no  high-ail  titude  sink,  a model  of  this  type  leads  to  a 
constant  augmented  mixing  ratio  above  the  point  of  injection  (see  NAS  report, 
Appendix  A,  pp . 114-119).  For  particulates,  however,  settling  retards  upward 
diffusion,  and  enhances  downward  transport,  reducing  the  total  burden  relative 
to  gaseous  injectants  (see  Hunten,  1975a).  The  concepts  and  residence  times 
for  various  K ^ profiles  are  discussed  in  detail  in  Appendix  D. 

Residence  time  is,  of  course,  an  oversimplified  concept.  Its  utility 
lies  in  its  simplicity,  and  for  computing  1-D  mean  temperature  changes,  in  the 
absence  of  better  techniques  (e.g.,  coupled  models)  cannot  readily  be  improved 
upon.  Even  so,  due  to  questions  about  how  to  handle  the  tropospheric  component, 
some  problems  exist.  The  tropospheric  component  is  of  relatively  little  signi- 
ficance, however,  for  flight  at  17  km  to  20  km  i.e.,  for  typical  SST  altitudes. 

Residence  time  calculations  in  CIAP  were  made  on  the  basis  of  an  average 
value  between  two  Kg  profiles,  that  of  Hunten/1974  and  that  of  Chang/1974  (see 
p.  19,  CIAP  ROF ) . In  carrying  out  the  averaging,  however,  the  Hunten  recom- 
mendation that  flight  altitudes  at  ~ 4o°  N be  adjusted  upward  by  2 km  was  not 
used.  To  make  temperature  change  estimates,  we  have  thus  recomputed  residence 
times  (see  Appendix  D)  for  continuously  injected  gaseous  and  particulate  pollu- 
tants, based  on  the  Chang/1974,  Hunten/1974,  and  CIAP  approaches;  we  have  also 
made  certain  assumptions  about  the  tropospheric  component  as  follows: 

1.  For  gaseous  pollutants  (H^O  and  NO.,),  the  tropospheric  component  has 
been  subtracted.  For  H^O,  stratospheric  water  is  obviously  not  en- 
hanced directly  by  tropospheric  water;  for  NO^,  reactions  with  water  in 
the  troposphere  would  completely  alter  its  absorption  characteristics. 

2.  For  particulates,  the  residence  time  was  taken  as  the  total  atmo- 
spheric residence  time  for  particles  of  0.3  um  radius,  including  the 
tropospheric  component.  The  assumption  was  that  inclusion  of  a some- 
what fallacious  tropospheric  burden  (the  particles  would,  in  fact,  be 
rained  out  5 km  or  more  above  the  assumed  ground  sink)  would  compensate 
for  the  fact  that  S02  (prior  to  conversion  to  particulates ) may  diffuse 
to  altitudes  higher  than  would  particulates,  and  may  thereby  build  up 

a larger  burden  than  calculated,  assuming  instantaneous  conversion  at 
exhaust  altitude,  as  was  implied  in  residence-time  calculations.  We 
have  also  Ignored  kinetic  factors,  thus  increasing  the  burden  slightly. 
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Using  these  assumptions,  residence  times  for  gases  and  aerosols  were 
estimated  for  Chang/1974,  Hunten/1974,  (with  a 2-km  adjustment  for  flight 
altitude),  and  CIAP  methods.  The  results  are  shown  in  Pig.  4.1.  The  computa- 
tions for  particulate  residence  times  were  carried  out  by  Bauer  (Appendix  D). 
Residence  times  for  other  K_  profiles  and  other  particle  diameters  are  also 
given  in  Appendix  D. 

F.  Response  Time 

The  CIAP  Report  of  Findings  treats  climate  changes  as  occurring  instan- 
taneously. The  actual  time  required  is  not  well  known.  It  seems  reasonable, 
however,  to  assume  that  the  time  involved  consists  of  two  components,  that 
due  to  transport  and  chemical  delays  in  building  up  pollutant  effects, 
typically  several  years,  and  that  due  to  the  inertia  of  the  earth-ocean  system 
plus  possible  feedback  effects. 

It  was  shown  in  Chapter  3 of  this  report  that  the  time  delays  in  effec- 
ting ozone  changes  tend  to  increase  with  decreasing  altitude  in  the  range  studied; 
however,  at  SST  altitudes,  the  response  times  do  not  differ  to  a large  degree 
from  residence  times;  in  any  event,  the  dominating  delay  is  probably  that  of 
the  thermal  inertia  of  the  ocean.  A number  of  estimates  for  thermal  inertia 
delays  are  available.  For  example,  Budykc  (1974)  used  2.5  years  in  one  set  of 
calculations  based  on  a seasonal  march  of  temperatures.  In  empirical  studies, 
Oliver  (1976)  found  mean  surface  temperature  response  times  to  stratospheric 
dust  changes  to  be  6 ± 3 year's.  Schneider  and  Mass  (1975)  used  a 6.9-year 
figure  based  on  a 75-meter  mixed  layer  assumption.  Pollack  et  al.  (1976), 
refer  to  a 4-year  relaxation  time.  Two-dimensional  feedback  effects  undoubtedly 
exist  on  various  time  scales,  ranging  from  less  than  a decade  to  thousands  of 
years;  the  x values  quoted  in  the  CIAP  report  (50  K at  1 year,  150  K at  10 
years),  however,  fit  an  empirical  relationship  involving  a time  constant  (2.53 
years)  similar  to  that  recommended  by  Budyko  (1974).  Thus,  x ~ 152.9 
(l-e-t'^‘'i^)  gives  a value  of  50  K at  1 year  and  150  K at  10  years. 

4 . 3 . 3 COMESA  Climatic  Effect  Studies 

A.  Introduction 

COMESA  climate-change  studies  were  based  on  2-D  and  3-D  models;  1-D 
models  were  not  employed.  As  with  the  CIAP  effort,  effects  of  changes  In 
aerosols,  water,  NOg,  and  ozone  were  studied.  In  addition,  two  other  studies 
of  particular  interest  were  made:  one  of  these  related  to  the  possible  inter- 

actions involved  with  simultaneous  perturbations  simulating  several  of  the 
ingredients  in  aircraft  exhaust;  a second  related  to  the  climatic  consequences 
of  contrails,  particularly  those  from  subsonic  aircraft. 

Much  of  the  COMESA  climate  discussion  is  based  on  a fleet  of  1,000 
Concordes.  This  fleet,  in  its  stratospheric  operations,  is  taken  to  have  the 
following  characteristics,  with  page  references  to  the  COMESA  report: 
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S02  emissions: 


Emission  indices: 


Fuel  burned/yr:  4.3  x 1010  kg  (p.  23>  from  S02) 

Average  flight  hr /day:  5.5 

N0X  emissions:  1.13  x 108**  molecules/yr  (p.  24) 

8.0  x 108  kg/yr  (p.  17) 

S02  emissions:  U.S.  fuel  (0.05  percent  sulfur)  4.3  x 10^  kg/yr  (p.  22) 

U.K.  fuel  (0.12  percent  sulfur)  1.03  x 10®  (p.  15) 
Emission  indices:  CO.  3140  (p.  15) 

H20  1270  (p.  15) 

S02  1.0  or  2.4  (p.  15) 

N0X  18.5  - 20  (p.  15) 

CO  3-5  (p.  15) 

Unburned  hydrocarbons  0.2  (p.  15) 

Soot  0.1  (p.  15) 

Nominal  flight  altitude:  17  km  (p.  24).  Distribution,  however,  is  noted 

to  be  important  (p.  16). 

The  COMESA  results  are  summarized  in  Fig.  4.2  (their  Fig.  5.6.1).  This 
figure  will  be  referred  to  frequently  in  the  following  discussion. 

B.  Sulfates 

The  COMESA  computation  of  aerosol  burden  from  Concordes  is  through 
analogy  to  computations  in  SCEP  (1970)  for  the  U.S.  SST  (pp.  451-453).  They 
quote  500  U.S.  SSTs  (p.  451)  using  a 2-year  residence  time  as  adding  a burden  of 

O 

2 x 10  kg;  they  argue  that  more  than  1,000  Concordes  would  be  required  to  pro- 
duce a similar  ..mount,  but  then  state  (p.  453)  that  500  Concordes  may  produce  an 
amount  equal  to  the  background  (10  kg,  p.  452).  Apparently,  2 x 10  kg  was  used 
as  the  sulfate  burden  from  1,000  Concordes.  CIAP  procedures,  with  the  COMESA 
fuel  flow,  using  a residence  time  of  1.70  years  and  86.7  percent  conversion 

(6.5  km,  p.  B-24,  ROF)  would  give  1.3  x 10°  kg;  without  the  conversion  factor, 

a 

the  burden  would  be  1.5  x 10  kg.  An  allowance  for  higher  sulfur  content  may  be 
implied. 

Climatic  effects  of  aerosols  were  studied  with  both  pure  absorbing 
layers  and  a scattering  layer.  The  pure  absorbing  layer  computations  were 
apparently  not  used  in  making  estimates  of  aircraft  effects.  Effects  computed 
in  the  2-D  model  were  much  smaller  than  in  the  3-D  model.  The  surface  cooling 
due  to  the  scattering  layer  (p.  46l)  was  based  on  proration  of  an  assumed  aerosol 
layer  with  total  backscattering  of  0.6  percent,  which  corresponded  in  their  model 
to  0.6  K cooling.  The  mass  of  this  layer  is  given  as  4 x 10^  kg.  Prorating  to 
2 x 10®  kg,  the  cooling  from  1,000  Concordes  was  estimated  as  0.03  K.  However, 

(see  Fig.  4.2),  the  plotted  cooling  effect  at  4.3  x 1010  kg  fuel  per  year  is  0.05 
K.  [The  source  of  the  discrepancy  is  unclear.  It  is  not  in  sulfur  content, 
since  the  S02  scale  on  top  of  Fig.  4.2  Implies  an  S02  emission  index  of  unity 
(0.05  percent  sulfur).] 
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The  basis  for  the  dotted  line  showing  the  "CIAP  aerosol  increase"  is 
also  unclear,  if  procedures  in  Appendix  B of  the  CIAP  ROF  are  applied.  Thus, 

O 

on  a global  average  basis,  the  1,3  x 10  kg  increased  loading,  if  spread  in  a 
10-km-fchick  layer,  is  0.0255  yg/m^.  The  temperature  change  (pp.  B-23,  E-9, 

B-6)  is  -1.311  x 0.025  or  -0.033  K.  The  plotted  value  is  about  -0.06  K.  The 
CIAP  and  COMESA  figures  both  seem  to  be  0.03  K (although  this  agreement  is 
clearly  fortuitous,  considering  the  differences  in  procedures,  x values,  etc.), 
but  the  plotted  values  both  seem  to  be  different  from  the  values  computed  here. 

COMESA  distinguishes  between  changes  in  equivalent  solar  constant  due 
to  reduced  solar  flux  from  absorbing  aerosols  and  true  changes  in  solar  constant. 
The  effects  are  said  to  be  quite  different,  the  aerosol  layer  having  much  less 
(about  1/6)  effect  (p.  451).  We  nave  not  pursued  this  question  further. 

C . Water  Vapor  Perturbations 

1.  Stratospheric  Water  Vapor  Changes  COMESA  carried  out  studies  on  water 
vapor  changes  with  both  their  2-D  and  3-D  models.  The  3-D  model  (p.  492)  showed 
essentially  no  effect  of  increased  water  vapor,  but  the  run  was  not  carried  to 
equilibrium  and  was  discounted.  The  2-D  runs  used  a baseline  stratospheric 
humidity  of  0.1  x 10-^  g/g,  with  perturbed  cases  at  2.5  and  5 x 10“^.  The 
figures  from  the  2.5-  to  5.0-ppm  runs  are  of  particular  interest;  the  results 
show  a 0.495  K change  in  global  average  temperature  and  a change  of  0.457  K in 
Northern  Hemisphere  average  (p.  493).  The  overall  change  in  going  from  0.1  ppm 
to  5.0  ppm  is  1.47  K,  which  COMESA  states  is  in  agreement  with  Manabe-Wetherald 
(M-W)  model  result  of  1.5  K.  (This  is  apparently  not  a published  M-W  result, 
as  the  M-W  started  with  3 ppm.)  However,  the  1-D  Ramanathan  results  for  dou- 
bling of  stratospheric  water  vapor  (CIAP  ROF,  p.  F-125)  from  3 ppm  to  6 ppm  Is 
0.5  K in  agreement  with  the  COMESA  2-D  result. 

As  to  perturbing  effects  of  aircraft  on  stratospheric  water  vapor 
content,  the  COMESA  group  adopted  the  procedure  of  ratioing  natural  and  air- 
craft fluxes  (p.  7-22,  Monograph  3).  The  claim  is  made  that  1,000  Concordes 

might  increase  stratospheric  water  vapor  by  1 to  4 percent  (p.  494  and  p.  20); 

12 

however,  the  figures  quoted  are  a natural  flux  of  1.5  x 10  kg/yr  versus  the 
1,000  Concorde  flux  of  4.3  x 1010  x 1.27  or  5-5  x 1010  kg/yr,  giving  an  increase 
in  flux  of  3*7  percent  (global).  This  corresponds  to  0.037  x 0.5  or  0.019  K 
Increase  in  temperature,  which  matches  the  plotted  value  on  Fig.  4.2. 

The  CIAP  value,  with  a 1. 7-year  residence  time,  would  be  0.5  x [4.3  x 
1010  x 1.25  x 1.7  kg  burden/2.2  x 1012  natural  (p.  B-28)]  or  0.021  K.  Use  of 

*»  p 

a 1.6  x 10  kg  natural  water  burden  figure  (Section  4.3-2.B,  or  p.  F-124,  CIAP 
ROF)  increases  this  to  0.029  K.  This  near-agreement  appears  to  be  happenstance, 
as  the  CIAP  figures  are  based  on  an  average  water  residence  time  [("Hunten," 
without  the  2-km  recommended  adjustment,  plus  "Chang" )/2],  and  the  flux  ratio 
technique  ignores  the  altitude  of  the  source  entirely. 
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2.  Changes  in  Cloudiness  and  Contrails  The  COMESA  report  includes  2-D 
modeling  results  on  changes  in  low  clouds  and  high  clouds,  effects  of  which,  on 
surface  temperature,  are,  according  to  their  models,  opposite  in  sign.  Surface 
temperatures  are  very  sensitive  to  changes  in  low  cloudiness  (600  mbar  to  800 
mbar),  with  increased  low  cloudiness  substantially  lowering  surface  temperature 
[47-3  K for  100  percent  low  cloudiness  versus  no  clouds  in  their  specific 
experiment  (p.  474)].  Because  such  changes  are  difficult  to  predict  (such 
changes  would  be  a feedback  effect  of  aircraft,  not  a direct  effect),  the  studies 
in  changes  in  cirrus  cloud,  which  can  be  related  to  contrail  formation,  are  of 
more  interest.  The  COMESA  study  (p.  475)  showed  that  a climatological  global 
average  cirrus  cover  (22.0  percent)  increased  global  average  surface  temperatures 
by  0.86  K (versus  no  such  clouds).  The  clouds  were  placed  between  260  and  410 
mbar  (33,000  ft  to  23,000  ft;  10  km  to  7 km),  reflected  20  percent  of  incoming 
radiation,  and  were  half  black  to  infrared.  [They  note,  however,  a 3-D  study 
elsewhere  (Hunt,  1975,  as  reported  in  the  COMESA  report)  which  showed  little 
effect  of  cirrus.]  As  to  ties  to  aircraft,  they  note,  in  agreement  with  CIAF, 
that  SSTs  will  produce  very  little  change  in  cirrus.  However,  the  COMESA  report 
quotes  Singer  (1968),  who  argued  that,  in  1968,  aircraft  contrails  had  increased 
(high)  cloud  cover  by  1 percent,  which  corresponds  to  a warming  of  0.04  K.  This 
figure  is  larger  than  most  SST  fleet  effects  and  would  presumably  be  increasing. 
This  question  was  of  concern  following  introduction  of  Jets  in  about  I960.  See 
Machta,  1971. 

Feedback  studies  in  the  2-D  model  were  also  made  to  see  if  changes  in 
low  cloudiness  resulted  from  changes  in  ozone  or  aerosols.  The  results  were 
essentially  inconclusive,  although  the  changes  which  were  found  implied  a 
regenerative  cooling  effect  with  ozone  changes  (increased  clouds  and  decreased 
temperature  with  decreased  ozone),  and  a compensating  effect  (decreased  cloud 
and  warming,  with  increased  aerosol,  p.  477). 

D.  Ozone  Decreases  and  NCU  Increases 

Ozone  decreases  of  25  and  50  percent  were  studied  in  2-D  and  3-D 
models.  The  3-D  model  showed  a decrease  in  surface  temperature  at  the  land/^ce 
point  of  0.26  K with  25  percent  ozone  decrease  and  1.05  K with  50-percent 
decrease.  However,  the  authors  tended  to  discount  these  results.  The  2-D 
model  showed  a 0.199  K global  decrease  at  25-percer.t  reduction  in  ozone  (but 
only  a 0.081  K Northern  Hemisphere  change)  and  0.068  K global  average  change 
for  12.5  percent  ozone  reduction  (t  only  0.015  K for  Northern  Hemisphere). 
Results  were  thus  not  linear  in  ozone  change. 

The  latitudinal  distribution  of  changes  merits  further  comment. 

Results  from  the  COMESA  2-D  model,  assuming  25-percent  reduction  in  ozone  every- 
where, follow: 
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85.5°  N -0.007  K 

49. 5°  N 0.020  K 

4 . 5°  N -0. 19?  K 

49-5°  S -0.374  K 

85. 5°'  S -0.475  K 

It  is  not  explained  why  the  Northern  Hemisphere  changes  are  so  different  from 
those  in  the  Southern  Hemisphere. 

These  results  are,  according  to  COMESA,  much  smaller  than  predicted 
by  Manabe  and  Wetherald,  due  apparently  to  the  fact  that  M-W  changed  both  ozone 
distribution  and  ozone  amount;  the  M-W  figure  for  25-percent  decreases  in  ozone 
is  -0.8  K.  The  CIAP  figure  (Ramanathan,  p.  P-90,  constant  cloud-top  altitude, 
as  in  M-W,  would  give  a figure  of  about  -0.22  K). 

The  N02  effect  v/as  studied  more  briefly  (COMESA  report  p.  495).  No 
global  average  figures  were  given.  It  was  argued  that  the  NOg  effect  would  be 
greatest  at  high  latitude,  but  probably  insignificant.  Callis  et  al.  (1975) 
were  quoted  as  indicating  that  solar  heating  decrease  due  to  ozone  reduction  is 
largely  compensated  by  N02  additions. 

N02  effects  were  not  considered  by  COMESA  in  computing  aircraft  effects 

(COMESA  report  p.  491).  It  was  argued  that  a high  estimate  of  ozone  reductions 

from  1,000  Concordes  would  be  about  2.5  percent  (p.  491),  which  is  1/10  one  of 

the  decreases  studied,  leading  to  - 0.02  K cooling.  The  plot,  however,  ["COMESA 

ozone  decrease  (no  NO,  increase)"],  (Fig.  4.2)  shows  less  than  0.01  K at  4.3  x 
10  ^ 

10  kg/yr  fuel.  The  plot  (Fig.  4.2)  apparently  reflects  a lower  ozone  change 
estimate  than  does  the  text  on  p.  xvii  of  the  COMESA  report.  One  thousand 
Concordes  lead  to  0.8  percent  global  average  ozone  decrease  for  a temperature 
change  of  less  than  0.01  K. 

A line  is  given  in  Fig.  4.2  labeled  "CIA?  ozone  decrease  (includes 
equivalent  N02  increases)."  The  source  of  this  curve  is  uncertain;  the  summary 
section  of  the  CIAP  Report  of  Findings  assumed  NO-  and  ozone  effects  balanced 

^ O 

(p.  39,  CIAP  ROF).  However,  if  a N0X  injection  rate  of  8 x 10  kg/yr  is  used, 
and  the  results  on  p.  B-31,  CIAP  Report  of  Findings  (1990c  case),  prorated,  the 
ozone  reduction  is  about  4 x 1.505  or  6 percent  in  the  Northern  Hemisphere 
corridor,  or  3 percent  globally.  Hidalgo,  p . F-92  CIAP  ROF,  suggests  that  the 
net  change  due  to  N0X  injections  is  equal,  in  °K,  to  the  fractional  change  in 
ozone.  The  global  change  should  then  be  -0.03  K.  The  plotted  value  (Fig.  4.2) 
is  about  -0.035  K,  suggesting  that  this  procedure  may  have  been  used. 

E.  Carbon  Dioxide 

C02  is  discussed  by  COMESA  on  pp.  17-18  of  their  report  They  estimate 
that  5 years  of  operations  of  1,000  Concordes  at  5.5  hr/day  in  the  stratosphere, 
would  increase  C02  contents  about  0.05  ppmv  in  the  atmosphere,  with  no  relative 
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buildup  of  C02  in  the  stratosphere.  They  also  estimate  the  corresponding  change 
due  to  fossil  fuel  consumption  at  the  ground  to  be  10  ppmv.  The  0.5  ppmv  figure 
apparently  assumes  half  of  the  C02  leaves  the  atmosphere  In  this  period.  Note 
that  this  calculation  implies  5 percent  of  the  total  fossil  fuel  consumed  in 
this  period  is  used  by  SSTs,  certainly  an  upper-bound  assumption.  The  C02 
question  i3  discussed  further  in  Section  4.5* 

F.  Interactive  Effects,  2-0  Model 

COMESA  conducted  a study  in  their  2-D  model  of  the  additivity  of  the 
effects  of  various  changes  due  tc  the  different  components  of  engine  exhaust. 

The  combined  perturbations  included  a 25-percer,t  decrease  in  ozone,  an  absorbing 
layer  (0.008  optical  thickness),  and  an  increase  in  water  vapor  of  2.5  ppm.  On 
a global  average  basis,  the  additivity  was  found  to  be  excellent  (0.65  K inter- 
active versus  0.63  K additive).  Latitudinal  differences,  if  any,  are  not 
reported  (p.  497).  This  important  result  adds  credence  to  the  additivity  con- 
cept, but  the  aggregation  involved  in  global  averaging  must  be  considered,  as 
well  as  the  fact  that  the  perturbations  were  imposed  rather  than  computed,  so 
that  any  altitudinal  or  latitudinal  distribution  effects  would  not  have  been 
discovered. 

4.4  COMPUTED  MEAN  TEMPERATURE  EFFECTS--FLEET  EFFECTS 
4.4.)  Introduction 

The  foregoing  sections  have  given  modeling  results  which  are  necessary 
inputs  to  estimates  of  changes  that  might  result  from  specified  aircraft  opera- 
tions. The  severe  uncertainties,  and  lack  of  consistency  between  models,  have 
been  illustrated.  The  time-dependent  aspects  of  such  changes  are  discussed  in 
Appendix  E.  Here  we  ignore  time-dependent  aspects  and  compute  the  "steady- 
state"  (after  approximately  10  years)  effects  of  the  FAA  as  reported  (Table 
2.27)  "high  estimate"  1990  SST  fleet. 

4.4.2  Mean  Temperature  Impact  of  the  1990-High  SST  Fleet  (As  Reported) 

The  1990-high  SST  fleet  as  reported  has  the  following  fuel-consumption 
charaoteristics  in  the  altitude  bands  for  which  the  climate  models  may  be 
applicable.  (See  Table  4.3.) 
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TABLE  4.3.  FUEL  CONSUMPTION  FIGURES  BY  ALTITUDE 

BAND,  FAA  "1S90-KIGH"  CASE;  AS  REPORTED 
SOURCE:  Arthur  D.  Little,  Inc. 


Altitude  bend, 
kin 


13-14 

3.8656 

3.8656 

4.8320 

14-15 

3.9447 

3.9447 

4.9309 

15-16 

13.7792 

13.7792 

17.2240 

16-17 

11.5669 

11.5669 

14.4586 

17-15 

8.7420 

8.7420 

10,9275 

18-19 

5.2662 

5.2662 

6.5828 

47.1646 

47.1646 

58.9558 

7.7338 

7.8936 

26.2497 

20.8244 

15.7061 

9.4767 

87.8843 


The  above  tabulation  includes  a small  (~  3 percent)  Southern  Hemisphere 
component,  which  will  have  a negligible  impact  on  the  hemispheric  distribution 
of  effects. 

In  using  the  models,  a substantial  matrix  of  choices  is  evident;  these 
include: 

1.  K profile  choice  (and  any  tropopause  height  corrections). 

z 

2.  Perturbation  computation  approach:  residence  time,  injection 

coefficient,  or  ratio  to  natural  flux  across  the  tropopause. 

3.  Particle  size  selected  to  correct  for  settling. 

4.  Model: 

•Constant  cloud-top  altitude  or  constant  cloud-top  temperature 

•Constant  relative  or  absolute  humidity 

•Inclusion  or  exclusion  of  ice-albedo  feedback  effects 

5.  Modeler,  primarily  with  regard  to  particulates,  and  optical 
characteristics  selected. 

There  is  little  point  to  pursuing  the  array  in  great  depth.  Some  bounds 

on  the  possible  effects  and  on  their  range  of  uncertainty  are  of  more  interest. 

To  obtain  some  estimates,  the  fleet  emissions  were  simplified  by  lumping  all 

emissions  into  a single  1-km  band,  which  was  taken  as  17  km  to  18  km;  the 

results  are  for  this  reason  20  percent  to  ^0  percent  high  in  comparison  with 

the  FAA  distribution.*  An  attempt  is  then  made  to  derive  self-consistent  sets 

of  numbers  based  on  the  two  K profiles  which  have  been  given  the  moot 

z 


"Furthermore , by  so  doing,  the  altitude  adjustments  made  to  obtain  the 
"modified"  fleet,  as  described  for  N0X  effects  (Table  2.33  of  this 
report)  become  unnecessary. 
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TABLE  4.4.  STRATOSPHERIC  CHARGES 


If  m Chana/1974 ) 

• stratospheric  residence  time,  1.2 

“ gas  (yr) 

t00  ■ residence  time.  0.3  um  par-  0.65 

RP  tide*  (yr) 

Burden  computations,  residence  time 
basis  (global) 

H20;  5.90E9  x tRG  (kg)  7.08E9 

Particles:  4.72E6  x tRp  x 2.04  (kg)  6.25E6 

R0X:  8.79E7  x tRfi  (kg)c  1.06E8 

Unperturbed  global  burdens 


a 

profile 

Hunten/1974  ( + 2) 
4.2 


1.37 


2.48E10 

1.32E7 

3.69E8 


Hr0  (kg) 

H02  (1:g)d 

Changes  (global  average) 


1.78E12 

1.5SE9 


ah2o/h2o 

anox/no2 

AS  (ug/m3)* 

AO3/O3 


3.98E(-3)  1.39E(-2) 
6.70E(-2)  1 2.34E(-1 ) 
1.23E(-3)  2.59E(-3) 
-0. 002 f -0.0063s 


*169,  e.g..  refers  to  1 x 10*. 

bIn  this  computation,  the  flight  altltuds  has  been  adjusted  upwards 
2 km  In  accordance  with  the  NAS  (1975)  recommendation. 

CN02  taken  as  0.27  x AN0x. 

^bls  figure  should.  In  fact,  be  model-dependent,  with  a greater  burden 
for  the  Hunten  model.  The  N02  cooling  effect  with  the  Hunten  profile 
Is  thus  overestimated  In  Table  4.6,  but  little  error  Is  Introduced  In 
the  net  effects  computed. 

•volume  taken  as  5.1  x 10^8  m3. 

fProm  p.  E-59,  CIAP  Report  of  Findings. 

9Us)ng  NAS/1975  method,  pp.  117-119. 
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consideration,  that  of  Hunten/1974  (+  2)  and  Chang/1974.  .Jfce  stratospheric 
changes  resulting  are  given  in  Table  4.4;  the  temperature  change  coefficients 
are  given  in  Table  4.5;  and  the  range  of  temperatures  resulting  is  given  in 
Table  4.6.  The  net  change  is  found  to  be  in  the  range  0.000K  to  0.016  K 
(warming) . 

It  should  be  remembered  that  material  presented  elsewhere  in  this  report 
suggests  that  the  Hunten/1974  Kz  profile  may  give  an  excessively  large  (a 
factor  of  2 or  more)  burden  at  steady-state.  The  combination  of  Hunten/1974  Kz 
profile  with  the  ice-albedo-coupled  feedback  factor  of  1.5  with  the  CCTT  model 
may  thus  well  be  several-fold  high  in  the  estimates  of  overall  effects.  Also, 
the  ozone  depletion  estimates  presented  in  Table  4.4  are  now  believed  to  be 
high  In  view  of  revised  chemical  reaction  rates. 

The  principal  difference  between  the  net  heating  result  here  and  the  net 
cooling  effect  found  in  CIAP  is  the  use  here  of  a residence  time  correction  for 
particulates  relative  to  gases.  In  addition,  current  results,  in  particular. 
Pollack  et  al.  (1976a),  in  which  correction  for  longwave  effects  is  included, 
indicate  particulates  have  smaller  climatic  effects  than  were  used  in  CIAP. 


TABLE  4.5. 

TEMPERATURE  COEFFICIENTS 

CCTA,  x - 100 

CCH,  x ■ 1 

AH20/H20 

0.6 

1.44 

anox/no2 

0.0075 

0.018 

*V°3 

0.76 

1.88 

AS 

v - 100 

XJL.,150 

Pollack-Toon  * 

-0.61 

-0.915 

Coakl ey-Schnelder* 

-0.46 

-0.69 

Luther* 

-1.10 

-1.65 

CIAPa 

-0.90 

-1 .35 

Pollack  et  al.  (1976a) 

0.23b 

0.35b 

Hemisphere  factor 

1.4 

1.4 

aFrom  p.  F-116,  CIAP  Report  of 

Findings. 

^Adjusted  from  Pollack  et  al. 

(1976a),  who  developed  a x of 

112. 
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•After  about  e decade  of  steady  operations 
bFrom  CIAP  Report  of  Findings,  p.  F-116 
cAssum1ng  additivity 

*As  In  Table  4.5,  3.35E(-3)  e.g.,  refers  to  335  x 10 


These  results,  which  need  further  study  to  ensure  both  credibility  and 
self-consistency,  indicate  that  the  largest  effect  is  always  that  of  water 
vapor,  th.  N02  effect  Is  small,  as  Is  the  effect  of  particulates  if  the  latest 
results  (Pollack  et  al.,  1976a)  are  to  be  accepted.  The  ozone  temperature 
effect  is  smaller  than  the  water  effect,  and  in  the  opposite  direction.  The 
net  overall  effect  is  very  small,  and  slightly  on  the  positive  side.  This  posi- 
tive effect  would  be  increased  if  NOx  emission  indices  are  reduced  and  if  the 
fuel  is  desulfurized. 

The  1990-high  FFA  SST  fleet  corresponds  to  perhaps  142  aircraft.  Even  if 
the  extreme  net  0.016  K temperature  change  is  taken  t’rom  Table  4.6,  some  900 
to  1,000  Concorde-type  SSTs  would  be  required  to  create  the  HAPP  guideline 
change  of  0.1  K. 

4.4.3  Other  Effects 

A.  Carbon  Dioxide 

COMESA  comments  on  CO,,  were  noted  in  Section  4.3.3  E.  Here  some 
further  discussion  and  quantification  is  offered. 

The  lifetime  of  C02  in  the  atmosphere  appears  to  be  long  in  comparison 
to  stratospheric-tropospheric  Interchange  processes  (see  eg.,  Machta,  1973) 
so  that  to  first  order,  at  least,  it  would  seem  to  be  of  little  importance 
whether  C02  from  aircraft  is  added  to  the  stratosphere  or  the  troposphere. 

Hence,  to  make  a crude  upper-bound  estimate  of  the  climate  effects  of . C02  from 
aircraft,  we  need  only  to  select  a time  interval  of  interest,  compute  the  total 
C02  added  by  aircraft,  thus  ignoring  any  sinks,  and  compare  the  results  to 
values  considered  either  in  modeling  studies  as,  e.g.,  Manabe  and  Wetherald 
(1967). 

To  illustrate,  consider  the  "expected"  fleet,  as  defined  by  CIAP,  for 

the  period  1970-2000  (see  p.  D-88,  CIAP  ROF).  The  integrated  total  kerosene 

12 

consumed  in  this  period  is  about  2 x 10  kg,  which  would  produce  about 
12 

6 x 10  kg  of  CO. . Assuming,  as  a limiting  case,  that  none  of  this  CO.  leaves 

12  1 

the  atmosphere,  the  increased  C02  could  correspond  to  6 x 10/5  x 10  or  1.2 
ppm  on  a mass  basis;  on  a volumetric  basis,  the  figure  drops  to  about  0.8  ppm. 
According  to  Machta  '’1973),  interpreting  Manabe-Wetherald,  an  increase  of 
05  ppm  corresponds  to  a warming  of  about  0.5°  C.  The  integrated  net  effect  of 
aircraft,  based  on  the  figures  given  on  p.  D-88,  CIAP  Report  of  Findings, 
which  excludes  certain  classes  (traffic  below  7C0  km)  of  aircraft,  but  without 
alleging  for  any  loss  mechanisms,  would  be  (0.8/65  x 0.5)  or  about  0.006  K. 

The  figure  is  small  and  essentially  unavoidable,  as  all  forms  of  traffic 
generate  at  least  some  extra  C02;  it  is  thus  given  no  further  consideration 
here. 
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The  possible  effects  of  contrails  were  noted  in  Section  4.4.3<  The 
contrail  problem  is  primarily  a phenomenon  associated  with  subsonics;  however, 
as  pointed  out  by  Weickmann  et  al.,  (CIAP  Monograph  3>  PP-  7-31  to  7-33),  a 
possibility  exists  that  SSTs,  particularly  at  Concorde  altitudes  in  the 

i 

1 tropics  and  the  polar  night,  would  generate  persistent  contrails.  No  quanti- 

fication  of  these  effects  in  terms  of  aircraft  fleets  is  possible  with  available 
| data. 

|j  4.5  CONCLUSIONS  AND  COMMENTS  - CLIMATIC  EFFECTS 

The  many  uncertainties  in  the  estimating  procedures  for  climatic  changes 
due  to  aircraft  effluents  should  be  clear  from  the  description  of  the  techniques 
employed  and  examination  of  Table  4.6.  Many  of  these  uncertainties  are  due  to 
input  data — size,  shape,  optical  properties,  aircraft-generated  aerosols,  back- 

•\ 

['  ground  N02  and  water  vapor,  etc. — on  which,  if  effort  is  continued,  gradual 

improvement  in  understanding  can  be  expected.  Other  uncertainties,  however,  are 
V related  to  the  limited  amount  of  modeling  work  performed  to  date,  and  to  the 

fact  that  different  models  have  been  used,  e.g.,  in  computing  aerosol  effects 
and  for  computing  gaseous  constituent  effects.  Also,  the  distributions  of 
\\  expected  changes  in  a vertical  sense  have  not  been  incorporated  in  the 

f;  modeling  computations,  nor  have  interactive  effects  (if  any)  of  simultaneously 

injected  pollutants  been  included:  To  obtain  more  useful  temperature  change 

it  estimates — estimates  which  would  be  based  on  internally  consistent  calculations, 

!':  if  not  true  climatic  predictions — requires,  in  our  opinion,  as  a minimum,  the 

coupling  of  1-D  climate  change  models  (radiative-equilibrium,  constant  relative 
I humidity  distribution,  and  cloud-top  temperature  or  altitude)  with  1-D  kinetics 

p codes.  A 2-D  model  study  would  be  preferred,  permitting  latitudinal  distribution, 

} and  possibly  certain  feedback  effects,  to  be  incorporated.  These  combined  codes 

should  incorporate  techniques  for  Including  water  vapor,  N02,  S02,  particulates 
p (with  settling),  N0X,  and  ozone  changes. 

p In  view  of  the  above  comments,  it  is  clear  that  considerably  more  study 

would  be  required  before  firm  conclusions  could  be  drawn  on  the  various  climate 
change  Issues.  Available  models  do,  however,  lead  to  the  preliminary  conclusion 


that  the  various  individual  climatic  effects,  and  particularly  the  net  effects,  j 
of  forecast  SST  fleets  through  1990  would  be  extremely  small.  It  might  also  be  < 
noted  that,  according  to  available  models,  fuel  desulfurization,  which  might  be  j 
desirable,  for  example,  from  a stratospheric  optical  depth  standpoint,  or  NOx  1 
emission  index  reduction,  would  Increase  net  climatic  warming.  | 
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Improved  climate  modeling  would  seem  to  be  a particular  requirement 
should  a large  advanced  SST  be  proposed.  The  reasons  may  net  be  obvious,  in 
view  of  the  small  effects  computed  herein  for  a modest  fleet,  and  the  small 
effects  reported  by  COMESA  for  a "1000-Concorde"  fleet.  However,  if  higher 
altitude  aircraft  are  proposed,  and  if  the  longer  residence  times  associated 
with  such  altitudes  and  with  the  atmospheric  dynamics  implied  by  the  Hunten/197^ 
K_  profile  are  used,  the  effects  from  plausible  fleets  approach  the  0.1-K 
criterion  suggested  in  the  HAPP  sidelines.  These  issues  are  further  discussed 
in  Appendix  P,  where  possible  emission  constraints  on  new  SSTs  are  discussed. 
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STUDY  OF  THE  EFFECTS  ON  ATMOSPHERIC  OZONE  OF  NOx  EMISSIONS  FROM 
SUBSONIC  AND  SUPERSONIC  AIRCRAFT  USING  THE  CRUTZEN  2-D  MODEL 
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APPENDIX  A 

STUDY  OF  THE  EFFECTS  ON  ATMOSPHERIC  OZONE  OF  NO.  EMISSIONS  FROM 
SUBSONIC  AND  SUPERSONIC  AIRCRAFT  USING  THE  CRUTZEN  2-D  MODEL 

A.l  INTRODUCTION  AND  SUMMARY 

Johnston  and  Quitevis  (197*0  have  pointed  out  that  there  Is  a "cross- 
over" altitude  for  the  direction  (or  sign)  of  atmospheric  ozone  effects 
from  nitrogen  oxides  In  the  natural  atmosphere.  Their  results  indicated 
that  below  13  km  there  Is  a net  rate  of  (local)  ozone  formation  from  the 
methane  oxidation  reactions;  whereas,  above  13  km  there  is  a net  rate  of 
(local)  ozone  destruction  from  the  N0X  catalytic  cycle.  These  competing 
local  effects  suggest  that  the  altitude  of  aircraft  N0X  emissions  can  also 
be  important  in  determining  the  sign  of  the  NOx  emission  effects  on  the 
atmospheric  ozone  column  above  the  ground.  To  determine  the  effect  on  the 
total  ozone  column  for  NOx  Injections  at  any  given  flight  altitude,  the 
local  ozone  effects  must  be  integrated  vertically,  which  requires  the  coupl- 
ing of  transport  and  photochemical  processes  in  an  atmospheric  model. 

Results  of  these  effects  are  reported  here,  based  on  the  use  of  (a)  a two- 
dimensional  (2-D)  photochemical  model  developed  by  Crutzen  (1975),  and  (b) 
hypothetical  aircraft  fleets,  distributed  latitudinally  and  operating  in 
altitude  bands  typical  of  present  subsonics,  future  subsonics,  and  present 
SSTs . Each  fleet  type  is  further  assumed  to  operate  individually  so  as  to 
isolate  the  effect  of  flight  altitude  on  the  atmospheric  ozone  column. 

The  methane  oxidation  reactions  are  of  relatively  little  importance  in 
the  stratosphere,  and  were  not  included  in  the  recent  CIAP  (Qrobecker  et  al., 
197*0  and  NAS  (1975)  studies  of  the  impact  of  stratospheric  aviation  on 
atmospheric  ozone.  However,  because  of  the  cross-over  altitude  at  13  km, 
the  methane  oxidation  reactions  can  change  the  sign  of  the  ozone  column 
effects  in  such  results  for  the  lower  flight  altitude  of  the  Bubsonlcs. 

The  results  of  this  study,  summarized  below,  are  considered  preliminary 
because  they  do  not  include  certain  effects  (e.g,,  water  vapor  emissions, 
chlorine  chemistry),  which  may  be  important;  furthermore,  the  methane  oxida- 
tion reactions  are  not  well  characterized.  Details  follow  the  summary  of 
results.  These  include,  in  the  specified  order,  the  modeling  of  the  natural 
atmosphere,  assumed  aircraft  N0X  emissions,  numerical  experiments  performed, 
ozone  and  N0X  perturbations  from  the  aircraft  emissions,  latitudinal  aver- 
ages of  the  ozone  perturbations,  approach  to  equilibrium  conditions  in  the 
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natural  and  perturbed  atmospheres,  correlation  of  model  results,  and  out- 
standing problem  areas  for  further  numerical  investigations. 

The  results  of  this  study  are  summarized  in  Table  A-l.  The  first 
column  shows  the  assumed  average  cruise  altitudes  for  the  present  subsonics 
(10.8  km),  future  subsonics  (12.7  or  14.5  km),  and  present  SSTs  (18  km). 

The  second  column  gives  the  assumed  total  N0X  emission  rate  for  each  air- 
craft type,  which  are  distributed  as  a function  of  latitude  (see  Pig.  A-9). 
this  latitudinal  distribution  assumes  the  heaviest  traffic  at  middle  northern 
latitudes.  Aircraft  numbers  equivalent  to  the  total  N0X  emission  rates  can- 
not be  established  with  confidence,  inasmuch  as  aircraft  operate  over  various 
altitudes  during  any  given  flight.  However,  to  provide  some  appreciation 
of  these  NC>x  rates,  the  NAS  (1975)  emission  indexes,  based  on  current  engines, 
can  be  used.  On  this  basis,  the  total  N0X  emission  rates  listed  in  the 
second  column  of  the  table  would  correspond  to  5282  subsonics,  1167  advanced 
subsonics,  and  360  SSTs. 

TABLE  A-l.  OZONE  CHANGE  MODEL  RESULTS  AFTER  SIX  YEARS  OF  INTEGRATION 
FOR  VARIOUS  INJECTION  ALTITUDES;  LATITUDI NALLY  DISTRIBUTED 


0^  Column  Change,  Percent  0^  Column  Change, 

and  Column  (Natural),  D.U.**  Percent, 


Average 

Cruise 

Altitude, 

km* 

NO  Rate, 

lo"  kg/yr 
(as  NOg) 

45°  N,  August  30 

0-12.7  km  12.7-55  km 

(32.8  D.U.)  (295.8  D.U.) 

0-55  km 
(328.6  D.U.) 

Annual  Average 

Hemispherical 
North  South  Global 

10.8 

2.06 

6.71 

0.10 

0.76 

0.39 

-0.002 

0.19 

12.7 

0.455 

1.52 

0.03 

0.18 

0.08 

-0.019 

0.03 

1*1.5 

0.455 

0.91 

-0.10 

0 

-0.05 

-0.057 

-0.05 

18.0 

0.266 

0.0 

-0.54 

-0.49 

-0.42 

-0.127 

-0.27 

* 

NOx  was  distributed  over  1.8  km  centered  at  these  altitudes. 

Dobson  Units,  m-atm-em. 

The  third  to  fifth  columns  in  the  table  give  the  percentage  change  at 
45°  N in  the  "tropospheric"  (0  to  12.7  km),  "stratospheric"  (12.7  to  55  km), 
and  total  (0  to  55  km;  ozone  columns.  Note  that  only  about  10  percent 
(32.8  D.U.)  of  the  total  ozone  (328.6  D.U.)  is  in  this  0 to  12.7  km  region 
of  the  atmosphere,  so  that  small  absolute  changes  correspond  to  large  per- 
centage changes;  the  data  in  the  fifth  column  show  that  ozone  column  enhance- 
ments result  from  N0x  injections  at  10.8  and  12.7  km,  no  change  results  for 
injections  at  14,5  km,  and  depletion  occurs  with  18.0  km  injections.  The 
distribution  of  these  changes  between  the  "tropospheric"  and  "stratospheric" 
portions  of  the  ozone  column  can  be  noted  from  the  third  and  fourth  columns. 

The  last  three  columns  give  the  hemispheric  and-,  global  annual  averages 
of  the  percent  change  oh  the  total  ozone  column. 
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These  preliminary  results  indicate  that  a slight  enhancement  of  the 
ozone  column  results  from  N0X  injections  by  present  subsonics,  while  a 
depletion  occurs  with  supersonic  aircraft.  Advanced  subsonics,  such  »?  the 
recently  introduced  747SP,  operate  at  a maximum  altitude  of  13.7  km,  at 
which  altitude  there  appears  to  be  little  (positive)  or  no  effect  on  the 
ozone  column. 

A. 2 MODELING  OF  THE  NATURAL  ATMOSPHERE 

The  modeling  of  the  CHi)-H0x-0jc-N0x  system  for  the  natural  and  perturbed 
atmospheres  is  based  on  the  reactions  given  in  Table  A-2  (Crutzen,  1975; 
see  also  Hidalgo  and  Crutzen,  1976).  It  is  important  to  note  that  Table  A-2 
Includes  the  conventional  0X  (R1  to  R5)>  H0X  and  N0X,  but  not  the  C±0x  sys- 
tems.* The  production  of  ozone  from  the  methane  oxidation  reactions  in  the 
presence  of  N0X  becomes  evident  by  considering  the  following  reactions 
(Crutzen,  1971*): 


R24  Ch4  + OH  -*■  CH3  + H20 

R25  CH3  + 02  + M + cH302  + M 

R26  CH302  + NO  CH30  + N02 

R35  N02  + hv  -*■  NO  + 0 

R2  0 + 02  + M -*•  03  + M 

R29  CHjO  + 02  + CK20  + H02 
ri4  ho2  + no  ■+  o:  + no2 

R35  N02  + hv  -*•  I j + 0 

R2  0 + 02  + M 03  + M 
R30a  CH20  + hv  * CO  f H2  , 

which  yields  the  balance 

CHjj  + 4 02  + hv  + H20  + CO  + H2  + 2 03 
These  reactions  are  followed  by: 


R8 

CO  + OH  + H + C02 

Rll 

H + 

°2  + 

M -*■  H02  + 

Klk 

HO  2 

+ NO 

-►  OH  + NO 

R35 

no2 

+ hv 

♦ 0 + NO 

R2 

0 + 

°2  + 

M 03  + 1 

1 

Following  earlier  practice,  N0X  emissions  from  aircraft  are  quoted  on  a 
mass  basis  as  equivalent  NO2.  NOx  in  the  atmosphere  is  defined  here  on  a 
volumetric  basis  as  the  sum  of  the  NO  + N02  + N03  + 2 NjO^. 
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which  yields  the  balance  B2 

CO  + 2 02  + hv  -*■  C02  + Oj  , 
taking  and  B2  together 

CH4  + 6 02  -*•  H20  + H2  + C02  + 3 03 

In  the  stratosphere,  the  same  reactions  take  place,  but  other  reactions  be- 
come more  important.  In  the  stratosphere,  ozone  content  is  far  greater  than 
in  the  troposphere,  as  is  atomic  oxygen  generated  from  ozone  by  photolysis. 

As  a result,  in  the  stratosphere,  addition  of  N0X  leads  to  net  ozone  destruc- 
tion through  the  NOx  catalytic  cycle,  which  is  given  by  reactions  R33  and  R34 

Note  in  Table  A-2  that  the  raction  rate  ^or  the  critical  reaction  (R21) 
of  OH  + HO,  H,0  + Op  is  taken  as  6 x 10""11,  i.e.,  a geometrical  mean  value 

^ ‘ _1Q 

in  the  uncertainty  range  of  2 x 10  < k^  < 2 x 10  , as  considered  by 

Duewer  et  al.  (1976).  Note  also  that  Table  A-2  incorporates  NgO^.  (R47,  R48), 
which  species  can  represent  a'  significant  fraction  of  the  N0X  species,  The 
reaction  set  as  used  did  not  include  NO^  photolysis  to  NO  + 02>  a pathway 
which  destroys  ozone  according  to; 

NO  + 0,  * N02  + 02 

no2  + o3  -»•  no3  + o2 

N03  + hv  -*■  NO  + 02 
or  2 ' ♦ 3 Oj 

because  this  pathway  for  NO,  photolysis  was  thought  to  be  unimportant  rela- 
tive to  R45j  which  has  no  effect  on  ozone.  Current  thinking  based  on  late 
work  by  H.  S.  Johnston  (D.  Garvin,  private  communication,  December  1976)  is 
that  about  cne-third  of  the  N03  photolysis  proceeds  by  this  ozone-destroying 
path.  Effects  on  the  results  presented  here  should  be  small,  but  need  to  be 
quantified*. 

The  modeling  of  the  atmospheric  dynamics  is  subject  to  two  basic  con- 
straints: (1)  the  use  of  a time-dependent,  three-dimensional  (3-D)  model  of 

tne  atmosphere  with  the  CHij-HOx-Ox-NOx  system  is  not  currently  feasible  with 
current  operational  computers.  These  constraints  lead  to  the  use  of  the 
simpler  time-dependent,  two-dimensional  (2-D)  models  that  use  longitudinal 
or  zonal  averages  of  the  conservation  equations.  The  atmospheric  dynamics 
is  modeled  by  two  components:  (a)  average  circulations  in  the  latitude- 

altitude  meridional  domain,  and  (b)  eddy  transports  superimposed  on  the 

Note  that  Wldhopf's  results  (Section  3.2.8)  allowed  one-third  or 
the  NO3  phctolysed  to  proceed  to  NO  + Op,  yet  obtained  significant 
ozone  enhancements.  More  recent  use  or  the  Crutzen  1-D  model  also  verifies 
these  results  (private  communication,  February  1977). 
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meridional  circulations.  In  contrast  with  the  use  of  3-D  models,  the 
use  of  2-D  models  requires  an  empirical  representation  of  the  eddy  trans- 
ports on  all  the  scales  of,  wave  motions,  i.e.,  the  horizontal  macroscale, 
mesoscale,  and  microscale,  as  well  as  the  vertical  mesoscale  and  microscale; 
or  equivalently  in  the  large  scale  as  well  as  the  subgrid  scales  of  the 
numerical  models;  (2)  the  lack  of  statistics  for  the  meridional  circulation 
and  eddy  transports  in  the  critical  region  of  interest  of  the  upper  tropos- 
phere and  lower  stratosphere  (Oort  and  Rasmussen,  1971).  Because  of  these 
constraints,  the  2-D  model  adopts  the  mean  wind  data  derived  by  Louis  (1974) 
as  a function  of  season  from  considerations  of  observed  temperature  fields. 

The  coefficients  for  the  eddy  poleward  and  vertical  transports  are  obtained 
by  "trial  and  error"  to  give  the  best  agreement  between  the  observed  and 
calculated  natural  ozone  column  as  a function  of  latitude  and  month  in  both 
hemispheres  as  well  as  that  of  tne  water  vapor  mixing  ratio  in  the  stratos- 
phere. 

The  vertical  resolution  of  the  tropospheric-stratospheric  2-D  model 
is  defined  by  31  pressure  levels  between  980  (level  1)  and  0.415  mbar  (level 
31),  which  yield  a vertical  resolution  between  two  consecutive  levels  of 
about  1.8  km.  The  vertical  resolution  in  the  lowest  levels  below  1.8  km  is 
finer.  The  height  Interval  chosen  is  about  0.45  km.  The  latitudinal 
resolution  is  10  degrees.  The  time  step  in  the  numerical  integrations  is 
2 hr,  which  allows  a full  one-year  integration  on  the  CDC  7600  computer  in 
about  18.2  min.  Other  features  of  interest  of  this  2-D  model  are  as  follows: 
(a)  mean  daytime  (sunlit  hours)  dissociation  probabilities  are  calculated 
at  the  start  of  each  15-day  period  in  a year  that  is  assumed  to  have  360 
days;  (b)  at  night,  the  photochemistry  is  "frozen,"  except  for  the  conversion 
of  NO  and  N02  to  NO^  and  N 20^;  (c)  the  variation  of  the  solar  zenith  angle 
during  the  year  is  closely  simulated;  and  (d)  the  scattering  of  solar  radia- 
tion is  taken  into  account  approximately  at  wavelengths  X i 300  nm  (Crutzen 
and  Isaksen,  1976). 

Numerical  integrations  for  the  natural  atmosphere  were  made  for  as 
long  as  15  years.  The  numerical  results  provide  data  for  the  CK..-H0  -0  -NO 

H XX  X 

species  in  the  meridional  plane  for  every  otner  month  of  the  year  (every  60 
days),  but  with  microfilm  plots  for  every  month.  Numerical  data  is  thus 
available  for  every  10  degrees  latitude  between  85°  S and  85°  N,  and  every 
pressure  level  between  the  ground  (approximately  level  1)  and  about  55-km 
altitude  (level  31)*  The  scope  of  the  data  Includes  total  ozone  column 

*3 

above  any  given  pressure  level,  ozone  concentration  (molecules/cnr)  and  mix- 
ing ratio;  atomic  oxygen  concentration;  water  volume  mixing  ratio;  water 
humidity;  cloudiness  probability;  water  relative  humidity;  and  the  volume 
mixing  ratio  for  the  H2,  H,  OH,  H02,  H202,  NO,  N02 , HN03>  NOj,  N^,  N0X , N20, 
CIIjj,  and  CO  species. 
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Figures  A -1  and  A-2  show  the  matching  of  the  total  ozone  column  as  a 
function  of  lacitude  and  month  of  the  year.  These  figures  show  that  the 
model  satisfactorily  duplicates  the  magnitude  of  the  ozone  column  as  well 
as  its  temporal  and  latitudinal  gradients  in  both  hemispheres.  By  further 
adjustments  of  the  eddy  transport  coefficients,  it  would  be  possible  to 
increase  the  accuracy  in  the  matching  of  these  characteristics  of  the  ozone 
column  in  regions  such  as  at  high  latitudes  in  the  Southern  Hemisphere. 

Figure  A-3  shows  the  water  vapor  mixing  ratio  in  the  stratosphere  during  j 

winter  (December  30)  in  the  Northern  Hemisphere  and  summer  in  the  Southern  j 

Hemisphere.  This  figure  shows  water  mixing  ratios  in  the  stratosphere  that  j 

are  consistent  with  but  perhaps  somewhat  higher  than  mean  observations  i 

(Harries,  1973,  1976;  Mastenbrook,  197*0.  Note  that  the  mixing  ratios  in  j 

Fig.  A-3  are  lower  (drier)  than  the  original  values  reported  by  Crutzen  j 

(1975).  The  improved  values  in  Fig.  A-3  are  the  result  of  adjustments  made  j 

to  the  horizontal  eddy  transports  (K  ) at  low  latitudes  based  on  recent  ;! 

aerosol  data  from  the  Fuego  volcanic  eruption.  The  horizontal  eddy  trans- 
ports are  coupled  to  the  vertical  transports  because  of  the  "compression"  of 
the  atmosphere  or  isobaric  surfaces  with  increasing  latitude  relative  to 
the  earth's  surface. 

Figures  A-<4  to  A-8  illustrate  meridional  profiles  during  winter 
(December  30)  in  the  Northern  Hemisphere  and  summer  in  the  Southern  Hemi-i  - 
sphere  for  the  remaining  species  of  interest  in  the  HgO-CH^-O^NO^  system. 

These  species  are,  respectively,  methane,  ozone,  atomic  oxygen,  nitrogen 
oxide  plus  nitrogen  dioxide,  and  NOx. 

A. 3 AIRCRAFT  N0X  EMISSIONS 

A set  of  N0x  emissions  as  a function  of  latitude  and  altitude  was 
assumed  to  represent  typical  but  hypothetical  fleets  that  operate  individually 
in  an  altitude  range  from  10.8  to  18  km.  Figure  A-9  shows  the  assumed  N0X 
emissions  for  three  types  of  aircraft:  current  subsonlcs  with  an  average 

cruise  altitude  of  10.8  km  (35,500  ft),  advanced  subsonlcs  with  cruise 
altitudes  at  either  12.7  km  (<41,500  ft)  or  1<4.5  km  (<47,500  ft)*,  and  super- 
sonic transports  or  SSTs  (Concorde  and  Tupolev)  with  cruise  altitudes  of  18 
km  (59,150  ft).  This  latter  altitude  is  more  representative  of  the  Tupolev 
because  the  18-km  altitude  represents  about  the  peak  altitude  rather  than 
the  average  cruise  altitude  of  the  present  N0x  emissions  for  each  type  of 
aircraft.  The  emission  levels  for  the  present  subsonic  type  are  based  on  CIAP 
upper-bound  projections  to  1990  (English  and  Quo-An  Pan,  1975),  arbitrarily  in- 
creased by  50  percent  to  account  for  short  range  (<  700  km)  traffic  ignored  in 


These  altitudes  were  dictated  by  the  available  model  levels.  A peak  : 

cruise  altitude  of  13.7  km  (<45,000  ft)  is  associated  with  an  actual 

subsonic  aircraft  (the  7<I7SP)  now  entering  operation.  • 
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FIGURE  A-2.  Model  Natural  Total  Ozone  (m-atm-cm)  above  Ground  (L-l)  as  a 
Function  of  Latitude  and  Month  of  the  Year  after  15  Years  of 
Integration.  Note  the  asymmetric  ozone  distribution  in  the 
two  hemispheres.  Notations  L and  H denote  "low"  and  "high" 
values,  respectively. 
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A- 3.  Natural  Water  Vapor  Volume  Mixing  Ratio  During  Winter  (December 
30)  In  the  Northern  Hemisphere  and  Summer  In  the  Southern 
Hemisphere  after  15  Years  of  Integration.  The  mixing  ratio 
values  In  the  troposphere  have  been  deleted  to  ennance  the 
scale  shown  above  20-km  altitude.  The  positive  latitude  values 
denote  the  Northern  Hemisphere.  For  example,  the  notation 
4E-6  denotes  4 x 10*6. 
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FIGURE  A-4.  Natural  Methane  Mixing  Ratio  During  Winter  (December  30)  In 

the  Northern  Hemisphere  and  Summer  In  the  Southern  Hemisphere 
after  15  Years  of  Integration 
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FIGURE  A-5.  Natural  Ozone  Concentration  (molecules/cnr)  During  Winter 
(Decroeber  30)  In  the  Northern  Hemisphere  and  Summer  In  the 
Southern  Hemisphere  after  15  Years  of  Integration 
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FIGURE  A-6 . Natural  Atomic  Ox>gen  Concentration  (atoms/cm  ) During  Winter 
(December  30)  In  the  Northern  Hemisphere  and  Summer  In  the 
Southern  Hemisphere  after  15  Years  of  Integration 
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A-7.  Natural  NO  + NO?  Volume  Mixing  Ratio  During  Winter  (December  30)  ; ] 

In  the  Northern  Hemisphere  and  Summer  In  the  Southern  Hemisphere  ! 

after  15  Years  of  Integration  I | 
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FIGURE  A-fl.  Natural  N0X  Volume  Mixing  Ratio  During  Winter  (December  30) 
In  the  Northern  Hemisphere  and  Summer  In  the  Southern  Hemi- 
sphere after  15  years  of  Integration.  Note  that  the  NO 
mixing  ratio  Increases  with  Increasing  altitude  In  the 
lower  and  middle  stratosphere. 
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CIAP.  The  emission  levels  at  each  altitude  or  model  level  were  chosen  to  provide 
ozone  changes  high  enough  that  they  could  be  scaled  down,  instead  of  extrapo- 
lated, to  lower  NO^  emissions  of  practical  interest.  Because  of  the  1.8-km 
vertical  resolution  of  the  model,  the  aircraft  N0X  emissions  at  a particular 
level  are  distributed  uniformly  about  0.9  km  (approximately  3000  ft)  above 
and  below  that  level.  This  altitude  distribution,  of  course,  does  not  per- 
fectly simulate  real  traffic,  but  provides  an  unambiguous  model  result. 

An  estimate  of  the  number  of  aircraft  for  each  of  the  fleets  in  Pig. 

A-9  may  be  derived  by  using,  for  example,  the  annual  NO^  (as  N02)  rates  per 
100  aircraft  for  each  aircraft  type  given  in  Table  4 of  the  National  Academy 
of  Sciences  (1975)  report.  These  N0X  rates  are  39  x 10^  kg  of  NOx/yr  for 
either  present  or  advanced  subsonics  and  63.8  x 10^  kg  of  NOx/yr  for  present 
SSTs.  On  this  basis,  the  number  of  aircraft  for  the  fleets  in  Pig.  A-9 
would  be  5282  subsonics,  1167  advanced  subsonics,  and  360  SSTs. 


A. 4 NUMERICAL  EXPERIMENTS  PERFORMED 

Figure  A-10  provides  a summary  of  the  numerical  experiments  performed 
using  the  2-D  model  and  the  N0X  emissions  for  the  three  fleet  types  in  Pig. 
A-9<  The  method  used  to  calculate  the  small  perturbations  in  the  ozone 
column  simulates  two  earth  planets:  a natural  one,  without  aircraft  flights; 

and  a perturbed  one  with  a particular  type  of  aircraft,  one  at  a time.  This 
method  is  necessary  to  eliminate  time  effects,  by  comparing  every  perturba- 
tion with  the  corresponding  natural  state  at  the  same  time  in  the  evolutions 
j of  the  photochemical  and  dynamical  processes  in  the  natural  and  perturbed 

i atmospheres. 

The  current  2-D  model  allows  time  integrations  of  up  to  3 years  to 
be  performed  for  each  numerical  run,  a constraint  that  stems  from  the  exten- 
sive demand  on  computer  time  for  such  integrations.  Thus,  the  numerical 
runs  shown  schematically  in  Pig.  A-10  are  made  up  of  3-year  segments.  The 
characteristics  shown  in  Fig.  A-10  are  as  follows: 

(1)  Point  A represents  the  initialization  of  the  natural  atmosphere, 
i.e.,  the  atmospheric  state  derived  after  3 years  of  integrations 
' from  the  initial  conditions  at  time  t ■ 0. 

j (2)  Point  B represents  the  state  of  the  natural  atmosphere  6 years 

! subsequent  to  that  of  state  A.  Note  that  there  are  two  paths  for 

f 

( the  natural  atmosphere  subsequent  to  point  B:  one  path  utilizes 

| two  segments  (3  years  each),  and  another  one  three  segments  (3,  2, 

[ and  1 years,  respectively).  This  latter  path  was  used  to  detect 

I the  effect,  if  any,  of  restarting  procedures  on  the  results. 

r (3)  The  four  paths  starting  at  point  B and  designated  by  the  end  points 

H 

■ as  L9,  L10,  Lll,  and  L13  represent  the  perturbation  runs  for  N0x 


A-20 


emissions  at  the  respective  model  levels  i.e.,  L9  for  emissions 
at  10.8  km,  L10  at  12.7  km,  Lll  at  1A.5  km,  and  L13  at  18  km. 

These  altitudes  correspond  to  summer  (August  30)  conditions.  Since 
the  pressure  level  (in  millibars)  remains  fixed,  there  is  a small 
variation  in  the  corresponding  level  altitude  with  season. 

( h ) The  dashed  B-L10  path  represents  an  Initial  run  that  included  the 
aircraft  H20  emissions. 

(5)  The  path  A-L9  represents  the  following  preliminary  runs:  (a)  the 

first  two  3-year  segments  are  for  :.’Ox  emissions  alone,  and  (b)  the 
three  subsequent  segments  of  1,  2,  and  3 years  include  the  HgO 
emissions. 

The  results  that  included  the  H.,0  emissions  indicated  no  increase  in 
stratospheric  water  vapor  at  the  end  of  the  third  year.  Since  these  results 
could  not  be  understood,  it  was  decided  to  exclude  the  effect  of  H20  emis- 
sions on  the  ozone  column  during  these  numerical  investigations. 

A. 5 OZONE  AND  N0X  PERTURBATIONS  FROM  AIRCRAFT  EMISSIONS 

Before  describing  specific  results  from  the  foregoing  numerical  experi- 
ments, it  is  important  to  emphasize  the  following  two  factors: 

(a)  The  practical  interest  in  the  magnitude  of  the  net  change  in  the 
natural  ozone  column  from  aircraft  NOx  emissions  is  more  of  the 
order  of  1 percent  than  10  pc’cent  (or  more).  The  latter  is  a 
result  of  the  usual  hypothesis  of  an  operation  in  the  distant 
future  (say,  early  in  the  21st  century)  of  a very  large  world- 
wide fleet  of  supersonic  transport#  equipped  with  current  engine 
technology  (i.e.,  with  an  MO^  emission  index  of  18  g of  N02/kg 
of  fuel). 

(b)  The  summer  season  is  of  primary  interest  because  it  is  characterized 
by  the  longest  days  at  the  middle  northern  latitudes  of  heavy 
traffic  (Fig.  A—  9 ) » i.e.,  by  conditions  that  amplify  the  impact 

of  the  aircraft  N0^  emissions  on  the  biosphere. 

Figure  A-ll  shows  the  change  in  the  ozone  column  above  the  ground  (or 
level  1),  during  summer  (August  30)  at  ^5°  N latitude  after  the  sixth  year 
of  integration  for  the  present  subsonics  (L9),  advanced  subsonics  (L10  or 
Lll),  and  SST  (L13).  This  figure  indicates  that  the  subsonics  give  an  ozone 
increase  of  about  0.76  percent,  an  effect  that  decreases  with  increasing 
flight  altitude  of  the  advanced  subsonics.  The  net  increase  of  the  ozone 
column  for  the  present  subsonics  indicate  that  the  effect  of  ozone  production 
from  the  methane-smog  reactions  in  the  upper  troposphere  dominates  over  that 
of  ozone  destruction  from  the  H0X  and  H0X  catalytic  cycles  in  the  middle 
stratosphere.  However,  the  ozone  production  mechanism  from  the  methane-smog 


reactions  becomes  weaker  with  increasing  flight  altitude;  whereas  the  ozone 
destruction  mechanism  from  the  NO,,  and  HO^  catalytic  cycles  at  the  same 
time  becomes  more  important  (see  Johnston,  1975).  These  two  opposing  ef- 
fects become  about  equal  at  the  14.5-km  altitude  for  level  11  of  the  advanced 
subsonics.  The  net  decrease  in  the  ozone  column  for  the  SSTs  indicates  that 
the  effect  of  ozone  destruction  from  the  N0X  and  H0X  catalytic  cycles  in 
the  middle  stratosphere  dominates  over  that  of  ozone  production  from  the 
methane-smog  reactions  in  the  upper  troposphere. 

SUISONICi  (LEVELS  9,  10,  11) 
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FIGURE  A- 1 1 . Percent  Change  of  Ozone  Column  above  Ground  (L*l)  at 
Middle  Northern  Latitudes  (45°  N)  During  Summer 
(August  30)  after  6 Years  of  N0X  Emissions  from  Sub- 
sonic and  Supersonic  Aircraft. 

Figure  A-12  shows  the  change  in  the  ozone  column  above  level  10  (12.7 
km)  during  summer  (August  30)  at  J450  N latitude  after  the  sixth  year  of 
integration  for  the  three  types  of  aircraft  fleet.  The  results  in  Figs.  A-ll 
and  A-12  indicate  that,  for  the  present  subsonics,  most  of  the  increase  of 
the  ozone  column  above  the  ground  (level  1)  takes  place  below  level  10.  How- 
ever, as  the  flight  altitude  increases,  the  perturbation  of  the  ozone  column 


below  level  10  by  the  methane-smog  reactions  become  increasingly  smaller. 
Thus,  for  the  SSTs,  the  ozone  perturbation  is  caused  almost  exclusively  by 
the  N0X  catalytic  cycle  in  the  stratosphere. 
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FIGURE  A-l 2.  Percent  Change  of  Ozone  Column  above  Level  10  (12.66  km) 
at  Middle  Northern  Latitudes  (45°  N)  during  Summer 
(August  30)  after  6 years  of  N0x  Emissions  from  Subsonic 
and  Supersonic  Aircraft. 


A generalization  of  the  foregoing  results  is  given  by  Pigs.  A-13  to  A-16, 
which  show  the  perturbation  of  the  ozone  column  above  level  1 as  a function 
of  latitude  and  season  after  the  sixth  year  of  Integrations  for  the  present 
subsonics  (L9 ) , advanced  subsonics  (L10  or  Lll),  and  SSTs  (L13).  Figure 
A-13  shows  that  the  present  subsonics  give  the  largest  ozone  increase  (0.94 
percent)  during  fall  (October  30)  at  a latitude  of  about  35°  N.  Figure  A-14 
indicates  the  same  relative  seasonal  effects,  but  at  lower  levels  of  the 
percent  ozone  increase.  Figure  A-16  shows  that  for  the  SSTs,  the  decreases 
in  ozone  as  a function  of  latitude  tend  to  become  more  independent  of  season. 
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FIGURE  A-13.  Percent  Ozone  Column  Change  as  a Function  of  Latitude 

and  Season  after  6 years  of  N0X  Emissions  (2.06  x 10’  kg 
of  N02/yr)  at  10.8-km  Altitude  ( L » 9 ) 


A-25 


Mi- 74-13 


LATITUDE,  degrees 


FIGURE  A- 1 4 . Percent  Ozone  Column  Change  as  a Function  of  Latitude  and 
Season  after  6 years  of  N0X  Emissions  (0.455  x 10s  kg 
of  N02/yr)  at  12.7-km  Altitude  ( L- 1 0 ) 
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FIGURE  A- 1 5 . Percent  Ozone  Column  Change  as  a Function  of  Latitude  and  j | 

Season  after  6 Years  of  M0X  Emissions  (0.455  x 109  kg  of  j i 

N 0 2 / y r ) at  14.5-km  Altitude  (L-11)  j | 
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FIGURE  A-16.  Percent  Ozone  Column  Change  as  a Function  of  Latitude  and  l 

Season  after  6 years  of  NO*  Emissions  (0.226  x 10"  kg  of  I 

NOg/yr)  at  10-km  Altitude  (L-I3)  I 
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The  vertical  distribution  of  the  natural  ozone  concentrations  at  45°  N 
during  summer  (August  30)  is  shown  in  Fig.  A-17,  whereas  that  of  the  ozone 
perturbations  is  shown  in  Fig.  A-18.  Figure  A-17  shows  the  natural  ozone 
concentration  after  12  years  of  integrations  subsequent  to  the  initialization 
(Point  A,  Fig.  A-10)  of  the  natural  atmosphere.  This  figure  is  thus  a 
vertical  cross  section  at  45°  of  the  meridional  ozone  concentration  as  shown 
in  Fig.  A-5  for  summer  in  the  Southern  Hemisphere.  Figure  A-17  shows  a peak 
in  the  ozone  concentration  near  22-km  altitude,  and  a low-altitude  minimum 
of  about  5.2  x 1G11  molecules/cm^  at  about  11-km  altitude.  The  concentration 
at  11  km  is  higher  by  a factor  of  4 than  the  corresponding  value  from  the 
Chang  1-D  model  given  in  the  CIAP  Report  of  Findings  by  Qrobecker  et  al. 
(1974).  Figure  A-18  shows  the  percent  change  in  the  natural  ozone  ooncetra- 
tlon  (i.e.,  Fig.  A-17)  during  summer  (August  30)  at  45°  N latitude  as  a 
function  of  altitude  after  the  sixth  year  of  integration  for  the  N0X  emis- 
sions from  present  subsonlcs  (L9),  advanced  subsonics  (Lll),  and  SST  (L13) 
types  of  aircraft.  Note  that  for  the  N0X  emissions  at  level  9*  the  methane- 
smog  reactions  produce  an  11.9  percent  increase  in  the  ozone  concentration 
at  the  flight  altitude  (10.8  km);  whereas  the  NO^  catulytic  cycle  produces  a 
decrease  in  the  ozone  concentration  above  19-km  altitude.  This  figure  shows 
that  the  stratospheric  NOx  catalytic  cycle  dominates  the  effect  of  the 
methane-smog  reactions  for  the  N0x  emissions  at  level  13. 

The  corresponding  vertical  distributions  of  the  natural  and  perturbed 
N0X  at  45°  N during  summer  (August  30)  are  shown  in  Figs.  A-19  and  A-20. 
Figure  A-19  shows  the  natural  N0X  concentration  after  12  years  of  integra- 
tions subsequent  to  the  Initialization  of  the  natural  atmosphere.  This 
figure  is  also  a vertical  cross  section  at  45°  N of  the  meridional  N0X 
distribution  such  as  that  shown  in  Fig.  A-8  for  June  in  the  Southern  Hemis- 
phere. Figure  A-19  shows  a peak  in  the  NC>  concentration  near  27-km 

x q n 

altitude,  and  a low-altitude  minimum  of  about  4.4  x 10  molecules/cm-3  at 
about  12-km  altitude.  Figure  A-20  shows  the  percent  change  in  the  natural 
N0X  concentration  (Fig.  A-19)  during  summer  (August  30)  at  45°  N latitude  as 
a function  of  altitude  after  the  sixth  year  of  integrations  for  the  N0x  emis- 
sions at  levels  9,  llj  and  13.  Note  that  for  the  N0X  emissions  at  level  9, 
there  is  a 330  percent  increase  in  N0X  at  the  flight  altitude  (10.8  km); 

i.e.,  at  an  altitude  near  the  low  altitude  minimun  of  the  natural  NO  con- 

x 

centration  (Fig.  A-19).  Also,  the  N0X  increase  above  20  km  becomes  larger 
as  the  flight  altitude  increases  from  level  9 for  the  present  subsonics  to 
level  13  for  the  SSTs. 

A generalization  of  the  vertical  distributions  for  the  N0X  increases  to 
other  latitudes  and  seasons  is  provided  in  Figs.  A-21  and  A-22.  Figure  A-21 
indicates  that  the  large  vertical  gradients  in  the  N0x  increase  at  45°  N 
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FIGURE  A-17.  Natural  Ozone  Concentration  at  Middle  Northern  Latitudes 
(45°  N)  during  Summer  (August  30)  after  15  years  of 
Integration 
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FIGURE  A-18.  Percent  Change  In  Ozone  Concentration  at  Middle  Northern 
Latitude  (450  n)  during  Summer  as  a Function  of  Altitude 
after  6 Years  of  Aircraft  NO*  Emissions.  Note  that  the 
negative  scale  Is  amplified  By  a factor  of  5. 
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FIGURE  A-l  9.  Natural  N0X  Concentration  at  Middle  Northern  Latitudes  (45°  N) 
during  Sumaer  (August  30}  after  15  Years  of  Integration 
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during  summer  for  the  N0X  emissions  at  level  9 are  also  present  at  other 
latitudes  and  seasons.  This  figure  further  shows  that  the  peak  values  of 
the  percent  N0x  increase  are  smallest  during  spring  (104  percent)  as  compared 
with  those  in  summer  (463  percent)  and  fail  (376  percent).  Also,  an  impor- 
tant characteristic  in  this  figure  is  the  significant  latitudinal  gradients 
at  low  latitudes  in  the  Southern  Hemisphere,  gradients  that  prevent  a signifi- 
cant N0x  increase  at  higher  latitudes  in  that  hemisphere.  Figure  A-22  shows 
similar  results  for  the  N0x  emissions  at  level  13.  This  figure  indicates 
that  the  peak  values  of  the  N0X  increase  are  more  nearly  independent  of  sea- 
son as  compared  with  those  from  the  NOx  emissions  at  level  9.  Also,  it 
. should  be  noted  that  these  peak  NOx  increases  take  place  at  low  latitudes  in 
the  Northern  Hemisphere  at  about  the  flight  altitude  (18  km). 

Table  A-3  provides  numerical  data  for  the  change  in  the  ozone  column 
above  the  ground  (level  1)  after  6 years  of  fleet  operations  as  a function 
of  latitude,  season,  and  level  of  the  N0x  emissions.  The  data  are  for  the 
lowest  level  of  the  model  (LI)  at  980  mbar.  Table  A-4  adjusts  t*e  results 
in  the  previous  table  to  a constant  value  of  NQx  emissions  equal  to  that  at 
level  9.  This  normalization  is,  of  course,  based  on  the  as  yet  unproven 
assumption  of  a linear  relationship  between  small  ozone  perturbations  and 
the  total  N0x  emissions.  The  results  in  Table  A-4  Indicate  that  the  ozone 
reductions  at  level  13  would  dominate  the  ozone  increase  from  the  NOx  emis- 
sion,' at  level  9 whan  the  ratio  of  the  total  N0X  emissions  at  level  13  to 
that  at  level  9 acquires  the  unlikely  value  of  unity.  Finally,  a generaliza- 
tion of  the  results  in  Fig.  A-12  is  given  by  Table  A-5»  which  gives  the 
change  in  the  ozone  column  above  level  10  as  a function  of  latitude  and 
season  for  the  NOx  emissions  at  levels  9,  10,  11,  and  13- 

A. 6 LATITUDINAL  AVERAGES  OF  OZONE  PERTURBATIONS 

There  are  two  reasons  fcr  the  interest  in  averages  of  the  ozone  perturba- 
tions on  latitudinal  bands  that  may  Include  an  entire  hemisphere  and  even 
the  whole  globe'  (1)  to  assess  the  impact  of  N0x  emissions  on  ozone  over 
particular  political  entities,  such  as  a state,  country,  etc.,  and  (2)  to 
correlate  model  results  for  the  ozone  perturbations  as  derived  from  3-D, 

2-D,  and  1-D  photochemical  models  of  the  atmosphere. 

The  numerical  results  provide  data  for  the  zonal  average  of  the  ozone 
cc  .-nr  at  10-degree  increments  in  latitude  for  the  last  day  of  every  other 
month  (every  60  days)  and  for  both  the  natural!  and  perturbed  atmospheres. 
Numerical  integrations  with  respect  to  latitude  have  been  performed  for  each 
perturbed  case  (Fig.  A-10)  over  a latitudinal  range  corresponding  to  the 
following  cases:  (a)  a zonal  band  between  25°  N and  45°  N,  which  is  intended 
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•corresponding  flight  altitudes:  level  9 (<35.500  ft);  10  {'Ul.500  ft);  11  (->47,500  ft);  13  (->-59,150  ft) 


to  include  the  United  States  between  Miami,  Florida,  and  Portland,  Oregon,* 
(b)  the  Northern  Hemisphere,  (c)  The  Southern  Hemisphere,  and  (d)  the  whole 
globe . 

The  several  types  of  latitudinal  averages  are  obtained  from  integra- 
tions with  respect  to  latitude  of  the  ozone  columns  for  the  perturbed  and 
natural  atmospheres.  If  fl(6)  denotes  the  zonal  average  of  the  ozone  column 
at  a given  latitude,  (0),  and  Az  the  area  of  the  zonal  region  of  interest, 
the  latitudinal  average  (fl)  of  the  ozone  column  is  then  given  by 


fk2 

Jk,  M0)dA„ 


for  the  natural  atmosphere,  and  by 


fip(L) 


Ck  2 

nee,] 


for  the  perturbed  one,  where  the  subscripts  n and  p denote,  respectively, 
natural  and  perturbed  conditions;  the  latter  being  a function  of  the  altitude 
or  level  (L)  of  the  N0X  emissions.  For  the  small  latitudinal  increments  of 
10  degrees  in  the  numerical  data,  the  area  of  the  zonal  ring  at  a given 
latitude  is  given  by 


dA„  ■ 2ta  cos9d0 

it 


where  "a"  is  the  earth's  radius.  Denoting  the  percent  change  in  the  lati- 
tudinal average  of  the  ozone  column  by  (6D/£5  )T  for  N0„  emissions  at  a 

n il  A 

given  level  L,  i.e.  , 


io2  , 


* o 

The  25  N latitude  also  crosses,  approximately,  the  following  countries: 
Northern  Mexico,  Algeria,  Libya,  Egypt,  Saudi  Arabia,  Northern  India, 
Burma,  and  Southern  China.  The  45°  N latitude  also  crosses  Minneapolis, 
Minnesota;  Montreal,  Canada;  Southern  France;  Northern  Italy;  Romania; 
Manchuria;  and  Northern  Japan. 
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where  from  Eqs.  (1)  to  (3): 


r9  2 

ft  (l)  *V  n (e,L)coaede 

— £L—  . ■ - .f  - P ..  . . — . , — 

ft  2 

n / ft^CSjcosQda 
•/e1  n 


(5) 


The  numerator  and  denominator  In  the  right-hand  side  of  Eq.  (5)  have  been 
evaluated  numerically  In  the  latitudinal  bands  of  Interest  as  fixed  by  the 
limits  of  integration  0^  and  ©2 » the  level  of  NC>x  emissions,  and  for  each 
bimonth  (every  6 0 days)  as  dictated  by  the  availability  of  the  numerical 
data.  The  integrands  in  these  integrations  involve  the  product  of  the  zonal 
ozone  column  and  cose.  Since  cos0  0 as  0 tt/2  at  the  polar  regions,  the 
ozone  perturbations  at  high  latitudes  are  less  important  for  the  latitudinal 
averages  than  the  perturbations  at  middle  and  low  latitudes. 

The  annual  averages  of  the  six  bimonthly  percent  values  were  determined 
by  both  the  arithmetical  moan  and  the  weighted  average,  using  the  natural 
ozone  column  for  each  blmonth,  i.e.,  from 


6ft 

ft  T o 

n L i h 
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(6) 


where  the  subscripts  a and  b denote,  respectively,  annual  and  each  bimonth 
value.  Because  of  the  small  percent  change  in  the  ozone  column  for  each 
bimonth,  it  was  found  that  there  was  no  significant  difference  between  the 
arithmetical  mean  and  the  weighted  average  given  by  Eq.  (6). 

Tables  A-6  to  A -9  give,  respectively,  the  zonal  band  (25°  N to  45°  N), 
northern  hemispheric,  southern  hemispheric,  and  global  averages  for  every 
other  month  for  subsonic  (levels  9i  10,  11)  and  supersonic  (L13)  aircraft. 
These  tables  include  also  the  annual  averages  of  the  bimonthly  values. 

Table  A-6  shows  that  the  present  subsonics  (L9)  would  produce  a change  of 
0.63  percent  in  the  ozone  annual  average  between  25°  N and  45°  N for  the  N0X 
emissions  assumed  at  that  level  in  Fig.  A—  9 ; whereas  the  SSTs  (L13)  would 
yield  a 0.40  percent  ozone  decrease  for  the  N0X  emissions  assumed  at  level  13. 
Table  A-7  shows  that  over  the  Northern  Hemisphere,  the  present  subsonics 
would  give  a 0.39  percent  ozone  increase;  whereas  the  SST  would  p) oduce  a 
0.42  percent  ozone  decrease.  Table  Af8  shows  that  for  the  Southern  Hemi- 
sphere, all  types  of  aircraft  would  give  an  ozone  decrease.  This  is  a 
consequence  of  the  small  N0X  increases  in  this  hemisphere  as  a result  of 
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the  large  latitudinal  gradients  for  the  N0X  emissions  at  level  9 in  Pig. 

A-21 , for  example.  Table  A-9  shows  that,  on  the  global  basis  of  the  1-D 
models,  the  subsonlcs  at  level  9 would  produce  a 0.19  percent  ozone  increase:, 
whereas  the  SSTs  at  level  13  would  give  a 0.27  ozone  decrease. 


TABLE  A-6 . OZONE  CHANGE  ON 

(SIXTH 

ZONAL  BAND  BETWEEN  25°  N 
YEAR  OF  FLEET  OPERATIONS) 

AND  450  N, 

PERCENT 

Level 

9 

10 

11 

13 

Altitude,  km 

10.8 

12.7 

14.5 

18.0 

(NOx)t,  109  kg/yr 

2.0614 

0.455 

0.455 

0.226 

February  29 

0.551 

0.153 

0.062 

-0.332 

April  30 

0.1196 

0.117 

0.002 

-0.348 

June  30 

0.670 

0.164 

0.016 

-0.402 

August  30 

0.577 

0.106 

-0.006 

-0.415 

October  30 

0.856 

0.252 

0.079 

-0.440 

December  30 

0.621 

0.152 

0.039 

-0.473 

Annual  Average  (Arithmetic) 

0.629 

0.157 

0.032 

-0.402 

Annual  Average  (Weighted) 

0.626 

0.155 

0.030 

-O'.  397 

TABLE  A-7 . NORTHERN  HEMISPHERE 
(SIXTH  YEAR  OF  FLEET 

OZONE  CHANGE 
OPERATIONS) 

, PERCENT 

Level 

9 

10 

11 

13 

Altitude,  km 

10.8 

12.7 

14.5 

18.0 

(NOx)t,  109  kg/yr 

2.0614 

0.455 

0.455 

0.226 

February  29 

0.383 

0.095 

0.002 

-0.351 

April  30 

0.328 

0.060 

-0.056 

-0.383 

June  30 

0.1407 

0.071 

-0.071 

-0.428 

August  30 

0.370 

0.060 

-0.074 

-0.433 

October  30 

0.429 

0.099 

-0.057 

-0.468 

December  30 

0.429 

0.097 

-0.043 

-0.481 

Annual  Average  (Arithmetic) 

0.391 

0.080 

-0.050 

-0.424 

Annual  Average  (Weighted) 

0.391 

0. 080 

-0. 050 

-0.420 
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TABLE  A-8.  SOUTHERN  HEMISPHERE  OZONE  CHANGE,  PERCENT 
(SIXTH  YEAR  OF  FLEET  OPERATIONS) 


Level 

9 

10 

11  ■ 

13 

Altitude,  km 

10.8 

12.7 

14.5  ■ 

18.0 

(NOx)t,  109  kg/yr 

2.064 

0.455 

0.455 

0.226 

February 

-0.018 

-0.019 

-0.056 

-0.113 

April  30 

-0.022 

-0.032 

-0.072 

-0.136 

June  30 

0.001 

-0.017 

-0.061 

-0.134 

August  30 

0.018 

-0.017 

-0.044 

-0.124 

October  30 

0.025 

-0.004 

-0.046 

-0.116 

December  30 

-0.019 

-0.025 

-0.067 

-0.140 

Annual  Average  (Arithmetic) 

-0.003 

-0.019 

-0.058 

-0.127 

Annual  Average  (Weighted) 

-0. 002 

-0.019 

-0.057 

-0.127 

TABLE  A-9.  GLOBAL  OZONE  CHANGE,  PERCENT 
(SIXTH  YEAR  OF  FLEET  OPERATIONS) 

Level 

9 

10 

11 

13 

Altitude,  km 

10.3 

12.7 

14.5 

18.0 

(NOx)t,  109  kg/yr 

2.064 

0.455 

0.455 

0.266 

February  29 

0.185 

0.039 

-0.027 

-0.233 

April  30 

0.168 

0.018 

-0.063 

-0.270 

June  30 

0.202 

0.030 

-0.066 

-0.290 

August  30 

0.191 

0.021 

-0.059 

-0.276 

October  30 

0.210 

0.043 

-0.051 

'-0.277 

December  30 

0.193 

0.033 

-0.056 

-0.301 

Annual  Average  (Arithmetic)- 

0.192 

0.031 

-0.054 

-0.275 

Annual  Average  (Weighted) 

0.191 

0.031 

-0.054 

-0.274 

Table  A-10  provides  ratios 

for  the 

zonal-band-to- 

•global  and 

northern- 

hemispheric-to-global  averages 

for  both 

the  bimonthly 

and  annual 

averages  for 

levels  9,  10,  11,  and  13.  For 

the  SSTs 

, t fie  ratio  of 

the  zonal-band  (Table 

A— 6 ) to  the  northern  hemispheric  averages  (Table'A-7)  is,  approximately, 

C. 95*  hence,  the  near  same  annual  average  value  (approximately  1,5)  for  the 
two  averages  for  level  13  in  Table  A-10.  It  should  further  be  noted  that 
the  northern-hemispheric-to-global  ratios  in  Table  A-10  for  level  10  are 
significantly  higher  than  2 because  of  the  opposite  signs  of  the  ozone 
effects  in  the  two  hemispiieres , as  shown  in  Tables  A-7  and  A-8. 
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TABLE  A-10.  RATIO  OF  OZONE  CHANGE  AVERAGES 


A. 7 APPROACH  TO  EQUILIBRIUM  CONDITIONS 

The  foregoing  ozone  and  NO.,  perturbations  are  for  the  sixth  year  of 
integrations,  using  constant  NOx  emissions,  as  indicated  in. 'Pig.  A-9.  The 
reaching  of  the  equilibrium  values  for  these  perturbations  is  of  interest 
because  they  represent  ultimate  values  of  such  perturbations. 

Figure  A-23  shows  the  changes  in  the  ozone  column  above  level  1 and  at 
45°  N during  summer  (August  30)  for  the  NOx  emissions  of  the  present  sub- 
sonicn  and  SSTs  during  each  of  the  6 years  of  integrations.  This  figure 
shows  that  the  ozone  increase  for  the  present  subsoniCB  is  nearly  the  same 
during  each  year  of  integration,  a characteristic  that  suggests  a rather  fast 
reaching  of  equilibrium  conditions  when  the  tropospheric  effects  from  the 
methane-smog  reactions  dominate  over  those  of  the  stratospheric  NOx  catalytic 
cycle.  However,  the  results  in  this  figure  for  the  SSTs  Indicate  significant 
oscillations  in  the  ozone  decrease  at  45°  N latitude  during  summer,  oscil- 
lations that  appear  to  decay  only  during  the  fifth  ar.d  sixth  years  of  integra- 
tions. Figure  A-24  shows  the  corresponding  NO  perturbations  at  about  25  km 

A ** 

at  45  N during  summer  (August  30)  for  the  N0X  emissions  of  the  present  sub- 
sonics  and  SSTs  during  each  of  the  6 years  of  integration,  This  figure  shows 
the  same  time-distribution  of  NO  at  25  km  for  both  types  of  aircraft,  but 

A 

with  significant  larger  values  for  the  SST  perturbations.  The  smaller  values 
of  these  N0X  perturbations  for  the  subsonics  indicate  that  they  produce  a 
small  ozone  decrease  from  the  NOx  cycle}  hence,  the  small  oscillations  in 
the  corresponding  ozone  increases  in  the  previous  figure.  However,  the  larger 
values  of  the  N0X  perturbations  for  the  S.3Ts  indicate  that  they  control  the 
oscillations  of  the  ozone  decrease  in  the  previous  figures.  Nevertheless, 
the  rather  small  change  of  the  N0X  Increase  between  the  fifth  and  sixth  years 
for  both  aircraft  typos  suggests  that  equilibrium  conditions  may  have  already 
been  reached  by  the  end  of  the  fifth  year.  If  this  is  indeed  the  case, 
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FIGURE  A-23.  Percent  Ozone  Column  Change  at  Middle  Northern  Latitudes 
(45°  N)  during  Summer  (August  30)  and  6 Years  of  N0X 
Emissions  from  Subsonic  and  Supersonic  Aircraft. 
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FIGURE  A-24.  Percent  N0X  Increase  at  Level  17  (25.2  km)  at  Middle 
Northern  Latitudes  (45°  N)  during  Summer  (August  30) 
and  6 Years  of  N0X  Emissions  from  Subsonic  and  Super 
sonic  Aircraft. 


numerical  Integrations  beyond  the  sixth  year  would  essentially  duplicate  the 
perturbations  at  the  45°  N latitude  during  summer. 

A generalization  of  the  foregoing  results  to  other  latitudes  during  sum- 
mer is  provided  by  the  numerical  data  in  Table  A-ll,  which  shows  the  perturba- 
tions in  the  ozone  column  above  level  1 of  the  model  as  a function  of  latitude 
and  year  of  integration  for  the  N0X  emissions  at  levels  9 and  13.  For  the 
most  part,  the  numerical  data  in  this  table  show  similar  results  at  latitudes 
other  than  45°  N.  The  vertical  propagation  of  the  N0X  perturbations  to  the 
25-km  region  (level  17)  as  a function  of  latitude  during  the  first  and  sixth 
years  of  integration  is  indicated  by  the  numerical  data  in  Tables  A-12  and 
A-13,  respectively,  for  the  N0X  emissions  at  levels  9 and  13.  The  results 
shown  in  Table  A-12  Indicate  a small  difference  in  the  N0X  increase  between 
the  first  and  sixth  years  at  the  lower  levels  (8,  9,  10)  but  rather  signifi- 
cant differences  at  the  higher  levels  (15,  17).  These  results  suggest,  then, 
that  the  NOx  increases  reach  equilibrium  conditions  much  faster  for  the  smog 
reactions  at  the  lower  levels  than  those  for  the  N0X  catalytic  cycle  at  the 
higher  levels.  However,  the  results  shown  in  Table  A-13  suggest  that  the 
approach  to  equilibrium  conditions  takes  a longer  time  as  the  altitude  of 
N0X  emissions  increases  from  level  9 of  the  present  subsonics  to  level  13 
of  the  SSTs.  Table  A-14  shows  the  N0X  increase  at  level  17  (i.e.,  at  the 
highest  level  of  the  previous  two  tables)  after  each  of  the  6 years  of 
integrations  as  a function  of  latitude  for  the  NO  emissions  at  levels  9 and 
13;  this  table  is  thus  a generalization  of  the  results  in  Fig.  A-24  at  45°  N 
to  other  latitudes  during  the  summer  (August  30).  This  table  indicates  that 
the  results  for  the  fifth  and  sixth  years  are  about  the  same  at  every 
latitude,  results  that  suggest  that  the  approach  to  equilibrium  conditions 
may  have  already  been  reached,  even  for  the  stratospheric  N0X  oatalytic  cycle. 

The  approach  to  equilibrium  conditions  in  the  numerical  simulation  of 
the  natural  atmosphere  is  also  of  interest  in  considerations  of  the  monitor- 
ing of  small  ozone  column  changes  in  the  perturbed  atmcjphere.  Figure  A-25 
illustrates  the  changes  in  the  natural  ozone  column  above  level  1 at  45°  N 
during  summer  after  each  of  the  12  years  of  integration  (Fig.  A-10).  This 
figure  shows  that  the  amplitude  of  the  natural  ozone  column  changes  are  of 
the  order  of  ±1  percent.  This  result  is  extended  to  other  latitudes  by  the 
numerical  data  in  Tables  A-15  and  A-16,  which  show,  respectively,  the  magni- 
tude of  the  ozone  column  and  their  annual  oscillations.  The  results  in 
Table  A-15  reveal  that  the  values  of  the  natural  ozone  column  after  the 
ninth  year  of  integration  duplicates  those  after  the  sixth  year  at  every 
latitude.  However,  this  condition  does  not  repeat  itself  in  the  subsequent 
years.  Table  A-15  indicates  the  presence  of  annual  oscillations  at  every 
latitude.  It  is  important  to  note  that  the  presence  of  these  annual  and 
latitudinal  oscillations  does  not  prevent  the  calculation  of  the  smaller 
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FIGURE  A-25 . Percent  Change  of  Natural  Ozone  Column  above  Ground  (L-l)  l 

at  Middle  Northern  Latitudes  (45°  N)  during  Summer  \ 

(August  30)  and  12  Years  after  Initialization  (3  Years).  f 
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perturbations  in  the  ozone  column  from  the  NOx  emissions  because  of  the 
methodology  described  in  Fig.  A-10.  However,  this  methodology  could  not 
be  extended  to  the  actual  perturbed  atmosphere  because  the  "reference" 
natural  atmosphere  would  be  unavailable,  i.e.,  It  would  be  difficult  to 
detect  changes  of  the  ozone  column  In  the  perturbed  atmosphere  that  are 
smaller  than  the  amplitude  of  the  oscillations  of  the  natural  atmosphere 
(Fig.  A-25). 

A. 8 COMPARISON  OF  PREVIOUS  1-D  AND  PRESENT  2-D  MODEL  RESULTS 

The  use  of  the  annual  global  average  of  the  ozone  column  perturbations 
after  6 years  of  integration  for  the  N0X  emissions  from  SSTs  (Table  A-9) 
allows  "comparison"  with  earlier  results  from  1-D.  models,  which,  however, 
did  not  use  the  same  chemistry.  As  an  example,  the  Chang  1-D  ozone  decrease 
for  equilibrium  conditions  is  given  in  the  CIAP  Report  of  Findings' -{p  . E-57) 
as 


[0.88  + (0.07/3) (20-z ) ] 

- [2  + 0.8(z-17)][ENO  x 10“9]  ,(7) 

where  (6n/D)1_D  is  the  global  average  of  the  ozone  decrease,  z is  the  flight 
altitude  in  the  range  17  < z < 20  km,  and  is  the  annual  rate  of  NOx 

X • _ Q 

emissions  (as  NO^)  in  kg/yr  in  the  range  0.1  < ENQ  x 10  7 < 3.  Using  the 
data  in  Table  A-9  for  level  13,  i.e.,  z - 18  km  and  &N0  •>  0.226  x 109,  Eq. 
(7)  yields 


'Chang 

CIAP 


K 


0.71* 
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which  is  a factor  of  2.6  higher  than  the  corresponding  2-D  average  value 
(0.27)  in  Table  A-9.  It  is  not  surprising  that  the  Chang  value  is  higher 
because  of  the  following  factors:  (1)  the  Chang  use  of  2 x 10-10  for  the 

rate  of  the  OH  + HO^  + + Og  reaction  (R21),  an  effect  that  has  been 

I studied  by  Duewer  et  al.  (1976);  (2)  the  difference  in  the  dynamics  (Kz  vs 

? K _ , etc.);  (3)  the  assumed  latitudinal  distributions  of  the  NO,  emissions 

i in  the  2-D  model  (Fig.  A-9)  vs  a uniform  one  for  the  1-D  model;  (k)  the 

S 

present  uncertainty  concerning  the  reaching  of  equilibrium  conditions  for 
!'  the  2-D  model  results;  and  (5)  the  omission  of  the  smog  reactions  in  the 

| Chang  1-D  model. 


The  present  2-D  model  results  may  also  be  compared  with  previous  ones 
obtained  with  the  same  model  (Crutzen,  1975).  Such  comparison  indicates 
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that  the  earlier  2-D  model  results  for  N0X  emissions  at  18-km  altitude  are 
higher  than  the  present  ones  by  a significant  factor.  The  reason  for  this 
discrepancy  appears  to  be  an  input  error  in  the  previous  calculations  con- 
cerning the  number  of  N0X  molecules  per  unit  volume  per  second  corresponding 
to  the  assumed  number  of  SSTs.  The  previous  and  current  2-D  model  results 
also  show  a difference  in  the  latitudinal  distribution  of  the  ozone  perturba- 
tions. This  difference  might  be  produced  by  the  change  in  these  calculations 
of  the  Kyy  eddy  transport  coefficients  at  low  latitudes,  with  the  current 
values  being  based  on  the  aerosol  distribution  of  the  Fuego  volcanic  erup- 
tion. A detailed  analysis  of  the  difference  between  the  previous  and  cur- 
rent results  is  not  possible  because  of  the  unavailability  of  the  numerical 
data  for  the  previous  calculations. 

A. 9 AREAS  FOR  FURTHER  INVESTIGATIONS 

Areas  for  further  numerical  investigations  may  be  classified  as  short- 
and  long-range  problems,  the  latter  depending  on  the  need  to  modify  the  2-D 
model.  They  are  Identified  below. 

a.  Short-Range  Problems 

1.  Verification  of  the  equilibrium  conditions  for  the  NOx  catalytic 
cycle  by  extending  the  present  numerical  integrations  for  the 
perturbed  atmosphere  from  6 to  9 yt^rs  (e.g.,  Figs.  A-23,  A-24). 

2.  Use  of  a 6-year  segment  of  integration  (Fig.  A-10)  to  test  the 
effect,  if  any,  of  restarting  integrations  on  the  reaching  of 
equilibrium  conditions  (Figs.  A-23,  A-24). 

3.  Development  of  procedures  for  reducing  computing  time  by  using 
tracer  spreading  without  chemistry  in  subsequent  integrations  that 
include  the  chemistry.  For  example,  initial  use  of  the  total  N0X 
emissions  as  inert  species  to  determine  the  time  to  reach  dynamic 
equilibrium  (without  chemical  effects)  of  the  N0x  emissions. 

4.  Evaluation  of  both  the  linear  scaling  of  the  changes  in  the  ozone 
column  as  a function  of  the  total  N0X  emission  for  a given  aircraft 
type,  and  the  linear  superposition  of  effects  for  the  simultaneous 
operation  of  present  subsonics,  advanced  subsonics,  and  SST  types 
of  aircraft. 

5.  Use  of  the  time-dependent  Crutzen  1-D  model  (which  incorporates  the 
methane  oxidation  reactions)  to  investigate  the  sensitivity  of  the 
ozone  column  increase  to  the  uncertainty  in  the  reaction  rates  for 
the  methane  system  as  well  as  the  effect  of  the  possible  photolysis 
of  to  produce  NO  + 02> 
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1.  Incorporation  of  chlorine  reactions  to  evaluate  the  coupled  effect 
of  the  C10x  and  N0X  chemistry  in  the  stratosphere  for  the  ozone 
perturbations  from  SST  aircraft.  Review  and  modification  of  other 


I! 
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rates  according  to  best  available  data. 

2.  Incorporation  of  aircraft  HgO  emissions  by  reformulation  (possibly) 
and  reprogramming  of  the  water  vapor  processes  in  the  stratosphere. 

3.  Increase  of  the  vertical  resolution  of  the  model  in  the  region  of 
the  flight  altitudes  of  interest  so  as  to  allow  more  accurate 
simulations  of  the  N0X  emissions  along  typical  flight  trajectories. 
It  should  be  noted  that  this  has  already  been  done  between  the  first 
and  fifth  levels  of  the  model  near  the  earth's  surface  for  applica- 
tions other  than  the  High  Altitude  Pollution  Program  (HAPP). 

4.  Evaluation  of  the  stratospheric  dynamics  for  tracers  other  than 
ozone  and  water  vapor.  Attempt  also  better  matching  of  the  ozone 
column  at  high  southern  latitudes  (Pigs.  A-l  vs  A-2). 

5.  Calculation  of  N0X  injection  runs  at  various  latitudes,  altitudes, 
and  total  NOx  injection  rates. 

6.  Performance  of  numerical  experiments  to  simulate  effects  of  past 
nuclear  explosions  in  the  atmosphere  as  well  as  buch  natural 
phenomena  as  solar  proton  events. 
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COMESA  REPORT 
(With  Reviewer's  Comments) 

B .VI  INTRODUCTION  AND  SUMMARY 

The  report  of  the  Committee  on  Meteorological  Effects  of  Stratospheric 
Aircraft  (COMESA)  documents  extensive  efforts  over  several  years  in  analysis, 
modeling,  and  measurements,  both  in  the  field  and  in  the  laboratory.  Some 
discussion  of  their  ozone  modeling  work  was  included  in  Section  3 and  of  their 
climate  modeling  work  in  Section  of  this  report.  Certain  additional  points 
whioh  seem  to  be  of  particular  interest  are  noted  here;  no  attempt  is  made  to 
be  comprehensive.  Readers  are  referred  to  the  documents  themselves  for  full 
exposition. 

The  topics  discussed  here  include  the  state  of  knowledge  of  the 
stratosphere,  as  viewed  by  COMESA,  certain  laboratory  measurements  of 
reaction  rates,  and  a further  discussion  of  ozone  modeling.  Some  comparisons 
(by  this  reviewer)  to  CIAP  results  and  other  numbers  are  included. 

COMESA  modeling  efforts  on  the  effects  of  aircraft  effluents  on  ozone 
involved  3-D,  2-D,  and  1-D  models. 

The  COMESA  3-D  general- circulation  model  (without  chemistry)  was  run  for 
one  year,  studying  the  distribution  of  0^,  HgO,  and  NOx  as  tracers.  The 
results  were  collapsed  to  1-D  for  comparison  to  published  (Hunten  and  Chang) 

K_  profiles.  The  different  tracers  showed  widely  differing  behavior, 
including  negative  values  of  K_.  Gross  averages,  however,  were  developed 
which  implied  that  the  Hunten  profile  Implies  vertical  motions  to  be  too  slow 
in  the  lower  stratosphere  and  the  Chang  profile  to  be  too  slow  in  the  upper 
stratosphere . 

The  COMESA  2-D  model,  being  at  an  early  state  of  development,  was 
considered  unsuitable  for  perturbation  predictions;  it  was  used,  however,  to 
estimate  latitudinal  distribution  of  effects.  Results  were  similar  to  those 
reported  in  CIAP,  although  after  only  3 years  of  equivalent  running  time, 
stationary  state  was  not  achieved. 

Two  1-D  models  were  used  by  COMESA,  both  using  dlurnally  and  seasonally 
varying  sun  angle,  with  fixed  K_  profiles,  Chang  or  Hunten.  Model  runs 
typically  up  to  10  years  were  used,  but  stationary  state  was  not  always 
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evident.  The  model  (Model  A)  with  methane  chemistry,  1-km  reaolution  and 

Chang  K_,  but  a 10-km  lower  boundary  (and  50-km  upper)  showed  initial  ozone 

enhancement  by  subsonics  (at  11  km  to  13  km)  but  (after  3 years)  a slight 

depletion,  varying  with  season.  The  second  model  (Model  B)  extended  from 

the  ground  to  48  km,  with  2-km  resolution,  but  utilized  simplified  chemistry 

(no  smog  reactions).  Runs  with  1-D  models  included  SSTs  and  subBonics,  alone 

and  in  combination.  The  most  suprising  result  was  an  insensitivity  to  K„ 

z 

for  SSTs  (Concorde/Tupolev),  with  Chang  and  Hunten  K_  profiles  giving  about 

z 

the  same  effect  on  ozone;  with  subsonics,  however,  the  difference  in  results 
was  substantial. 

The  COMESA  group  concluded  that  about  600  Concordes  (each  producing 
8 x 105  kg  NO  /yr)  would  be  required  to  cause  1 percent  ozone  depletion  in 
the  30°  to  60c  N region.  The  results  "indicate  that  the  reduction  of  ozone 
caused  by  present  subsonic  fleets  (which  is  widely  regarded  as  negligible) 
will  be  less  than  doubled  by  addition  of  a hundred  or  more  Concorde-like 
SSTs,"  (COMESA,  p.  388).  The  reference  to  the  present  subsonic  fleet  is 
apparently  based  on  the  0.1  percent  figure  quoted  in  the  CIAP  Report  of 
Findings,  rather  than  to  their  own  (Model  A)  results. 

Valuable  discussion  is  included  in  the  COMESA  report  of  inadequacies  of 
models,  of  questions  as  to  the  NOx  budget,  of  the  problems  of  monitoring 
(with  known  variations  in  N20),  and  on  important  chemical  reaction  rate 
uncertainties . 

B.2  THE  NATURAL  STRATOSPHERE,  AS  VIEWED  BY  COMESA 
B.2.1  State  of  Knowledge 

The  COMESA  view  of  the  state  of  knowledge  of  stratospheric  composition 
is  given  in  Fig.  B-l.  Note  that  in  their  view  many  important  areas  of  the 
problem,  beginning  with  solar  radiation  and  the  solar  spectrum,  are  not 
accurately  known.  Certain  items  are  shown  on  which  COMESA  feels  that 
important  progress  has  been  made  recently.  Two  of  these  items,  "sources  and 
sinks"  and  "transports,"  listed  under  the  heading  "other  uncertainties,"  are 
given  considerable  discussion  elsewhere  in  the  report;  heterogeneous  processes 
and  tropospheric  chemistry  are  not  given  much  tr?atment. 

B.2. 2 Measurements  and  Composition  Data 

The  COMESA  (with  COVOS*)  effort  involved  stratospheric  measurements 
of  a number  of  species  from  both  aircraft  and  balloons.  The  H20,  NO,  N02, 
and  UNO ^ measurements  are  of  particular  interest. 
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FIGURE  B-l.  Summary  of  The  State  of  Knowledge  of  Stratospheric  Composition 
SOURCE:  COMESA,  197S 
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A.  NO 

Oxford  daytime  NO  measurements  (by  balloon-borne  Instrument,  5.3-pm  band 
of  NO,  14  June  1975,  S.E.  Prance)  are  shown  in  Fig.  B-2.  A factor  of  2 
uncertainty  is  ascribed  to  the  curve  as  shown,  which  is  expected  to  be 
reduced  by  further  analysis  (COMESA  report,  p.  57).  Note  that  the  Oxford 
results  are  higher  than  others  in  the  15-  to  4o-km  region. 

B.  NO  2 

The  variation  of  N02  found  by  COMESA  in  a diurnal  sense  and  with 
altitude  is  shown  in  Pig.  B-3,  The  profiles  are  considered  uncertain  to  the 
order  of  ±50  percent  (COMESA  report,  p.  64).  To  first  order  the  sum  NO  + 

N02  should  be  constant  over  the  diurnal  cycle,  as  NO  is  essentially 
quantitatively  converted  to  NO,  by  reaction  with  0,  [at  30  km  (COMESA  report, 
p.  65).  the  mixing  ratio  decreases  from  day  to  night  from  10  to  10  ]. 

The  COMESA  (Oxford)  measurements  (COMESA  report,  p.  65)  meet  thlB  test  within 
the  uncertainties.  The  total  column  density  (apparently  above  15  km)  has 
been  estimated  (COMESA  report,  p.  63)  as  1.4  x 10  cm  ; they  compare  thlB 
to  1.0  x 10  cm  reported  by  Noxon  in  1975.  For  comparison,  tho  Chang 
model  (based  on  the  "old  Chang"  profile,  12-13  December  1975  runB  at  Lawrence 
Livermore  Laboratory)  above  15  km  gives  7.24  x lO1^  cm“2,  although  the  total 
column  density  Is  9.99  x lO1^  cm“2  above  0 km.» 

HNO^  is  not  Included  in  this  summation  as  it  is  apparently  nearly 
constant  during  the  day  (formation  » destruction).  N20^  and  NO^,  while 
formed  at  night  and  decomposed  during  the  day,  are  implicitly  small 
contributors.  The  possibility  exists,  however,  (see  Ridley  et  al.,  1976), 
that  NgO^  could  be  a significant  part  of  the  total  odd  nitrogen  budget. 

The  COflESA  report  coni  Hers  these  higher  odd  nitrogen  values  to  be 
significant,  indicating  sources  of  N0X  other  than  from  N20,  and  thus  lesser 
sensitivity  to  added  NOx  (COMESA  report,  p.  xviii). 

c.  hno3 

HN03  exists  in  a broad  layer  (10-km  half-height)  with  maximum  mixing 
ratio  3 to  8 ppbv  occurring  near  20  km  to  25  km.  The  layer  is  lower  and  the 
column  greater  at  high  latitudes  (COMESA  report,  p.  68).  There  are  possible 
seasonal  and  hemispheric  differences . COMESA  measurements  found  an  increase 


•The  Lawrence  Livermore  Laboratory  First  Annual  Report  (p.  26,  30 
June  1976)  notes  that  the  Lawrence  Livermore  model  has  roughly 
half  the  NO*  column  of  other  models  and  traces  this  fact  to  the 
quantum  yield  formulation  used  for  0(^0)  from  ozone  as  a function 
of  wavelength.  The  doubled  N0X  column  decreases  ozone  sensitivity 
to  N0„  injections  from  1.75  percent  to  1.35  percent  for  a 17-km 
injection. 
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VOLUME  MIXING  RATIO 

FIGURE  B-2.  Measured  NO  Profiles  (Representative  Values  of  Random  Plus  Systematic 
Errors  are  Indicated  by  Bars). 

Source:  COMESA,  1475 
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FIljRE  B-3.  Oxford  Pressure  Modulator  Radiometer  Results,  June  1975 
(Representative  Values  of  Random  Plus  Systematic  Errors 
are  Indicated  by  Bars). 

Source:  COMESA,  1975 
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In  HNO^  column  poleward,  but  did  not  find  significant  hemispheric  differences. 
These  findings  contributed  to  the  totality  of  data  on  this  important  species, 
but  there  seems  to  be  no  exceptional  COMESA  position  on  the  matter. 

D.  N,0 

In  common  with  other  researchers,  COMESA  finds  NgO  to  be  fairly  uniformly 
distributed  in  the  troposphere,  falling  off  with  increasing  height  in  the 
stratosphere,  and  with  no  apparent  variation  with  latitude  over  about  70°  N 
to  40°  S (COMESA  report,  p.  75).  COMESA  notes,  however,  inconsistencies  in 
both  absolute  values  (factor  of  3 variability)  and  trends,  some  of  which  may 
be  instrumental  in  nature.  It  is  suggested  that  this  important  gas  has  been 
given  inadequate  research  attention. 

It  might  be  noted  here  that  Junge  (1974)  has  correlated  tropospheric 
variability  in  concentration  with  lifetimes.  High  variability  would  have 
considerable  significance,  if  confirmed. 


CHjj  data  (versus  altitude)  have  been  used  to  estimate  Kz  profiles; 
good  NgO  data  could  also  be  so  used.  COMESA  summarizes  the  literature 
(COMESA  report,  pp.  77,  126)  but  reports  no  original  measurements.  The 
variation  in  data  from  different  researchers  suggest  considerable  uncertainty 
remains.  CH^  is  rather  constant  in  the  troposphere  at  1.4  ppmv,  but  decreases 
in  the  middle  or  upper  stratosphere. 

F . CO 

CO,  unlike  CH^ , drops  off  rapidly  With  altitude  (presumably  due  to 
destruction  by  OH)  directly  above  the  tropopause.  CH^  oxidation  is  apparently 
the  principal  source  of  CO  at  higher  altitudes.  COMESA  reported  no  measure- 
ments of  CO, 

G . h2o 

H20  is  an  important  tracer  to  the  dynamics  of  the  stratosphere;  however, 
it  is  not  well  understood,  despite  extensive  measurements.  A detailed 
discussion  is  provided  by  COMESA  of  the  stratospheric  water  question.  The 
possible  importance  of  the  Antarctic  regions  as  sinks  for  HgO  are  noted,  as 
are  layering  and  changes  repor  't  with  time. 

It  is  of  interest  chat  the  Kuhn  data'  (Fig.  B-4)  show  a maximum  mixing 
ratio  of  4.5  ppmv  at  17  km  to  19  km  at  10°  N.  The  general  shape  of  the 
different  curves  seems  to  fit  this. 

COMESA  measurements,  even  though  only  data  obtained  above  the  local 
tropopause  (COMESA  report,  p.  84)  were  used,  showed  a significant  increase 
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FIGURE  B-4.  Latitude  Distribution  of  HgO  in  the  15-km  to  20-km  Layer, 
Measured  by  Several  Workers  (Identifications  in  text). 
Source:  COMESA,  1975 


In  total  water  amount  towards  the  equator.  Their  results  are  shown  on 
Fig.  B-4  as  curve  H. 

COMESA  also  found  a significant  increase  in  H20  mixing  ratio  with 
altitude  as  shown  in  Fig.  B-5.  The  result  is  considered  to  be  explained  by 
CHjj  oxidation. 

Water,  in  the  COMESA  view,  remains  an  important  research  topic. 

B.2.3  Summary  (The  Natural  Stratosphere) 

The  COMESA  document  reemphasizes  the  points  made  above  (COMESA  report, 
pp.  91-95)  and  adds  certain  additional  points.  COMESA  views  resolution  of 
differences  in  N20  measurements  as  a matter  of  priority.  (Their  modeling 
exercises  showed  the  effects  on  ozone  of  variability  in  NgO.,  with  the  time 
delays  involved,  suggesting  a possible  erroneous  attribution  of  an  ozone 
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FIGURE  B-5.  Recent  Results  of  Bel  loon-borne  Measurements  of  H„0 
by  the  Oxford  and  NPL  Groups  2 

Source:  COMESA,  1975 
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decline  to  stratospheric  aircraft.)  Important  uncertainties  in  water  vapor 
persist,  particularly  above  30  km.  The  C10x  question  is  also  noted. 

The  point  is  also  made  that  simultaneous  measurements  are  needed  of  NO, 
N02,  HNOj,  and  0^  as  a function  of  latitude,  altitude,  and  time  of  day. 
Ground-state  0(3P)  oxygen  atoms,  together  with  OH  and  0^,  also  need 
simultaneous  measurement. 

B.3  LABORATORY  CHEMISTRY 

B.3.I  Discussion  and  Measurements 

The  COMESA  report  (pp.  143-204)  discusses  at  tome  length  the  problems 
and  uncertainties  of  stratospheric  chemistry,  'T.h  ossible  importance  of 
excited-state  chemistry,  and  of  alternative  -e  pathways  in  estimating 

the  effects  of  various  species  are  noted;  hwwev  ne  points  were  not 

tied  in  to  the  chemical  models,  so  that  no  quart'  , ~re  appreciation  of  their 
significance  can  be  deduced  from  the  dlscussioi  e '*rtheless , one  gains 
the  impression  (which  has  been  well  established  y Lawrence  Livermore 
Laboratory  in  later  studies)  of  the  large  uncertainties  in  these  modeling 
exercises.  (See  Section  3,  this  report.) 

Much  of  the  discussion  centers  around  the  nitrogen  oxyacids,  HNO^  and 
HN02,  and  their  various  reactions.  Pour  two-body  reactions  are  discussed 
specifically,  with  results  as  follows: 

Rate  Data  Found 

k < 3 x 10“17  (300  K) 

k w 1 x 10~15  (300  K) 

k - (0.8  ± 0.2)  x IQ'13  (298  K, 
little  temperature  effect) 

K - (2.2  ± 0.2)  x 1CT12 


0 + HNO^-—-*-  products 
H + HNO^-— — ►products 
OH  + HN0'3— — H20  + N03 

OH  + HN02— - *-H20  + N02 


i 

i 

( 


The  third  reaction  is  the  most  important;  however,  while  not  discussed 
by  COMESA,  its  importance  depends  also,  to  some  degree,  on  the  subsequent 
fate  of  NO^  (l.e.,  to  NO  + 02,  or  to  N02  ■(  0),  which  pathway  is  not  fully 
established.* 

COMESA  also  discusses  3 three-body  reactions. 

Rate  constants 
M - N2,  300  K 

OH  + N02  + M - HN03  + M (15  ± 5)  x 10~31  cm6  mol“2  sec-1 

OH  + NO  + M -*•  HN02  + M (26  ± 10)  x 10”31 

OH  + S02  + M + HS03  + M (7.2  ± 5)  x 10"31 

^Current  thinking  (see  Section  3.0)  is  that  about  one-third  of 
the  N03  goes  to  NO  + 02  and  two-thirds  to  N02  + 0. 
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The  first  one  of  this  set  has  been  shown  to  be  of  considerable  importance 
to  ozone  modeling  by  Lawrence  Livermore  Laboratory 5 hence,  a comparison  to  the 
CIAP/NBS  number  is  called  for. 

The  rate  constant  used  in  CIAP  for  the  equivalent  bimolecular  reaction  is 
given  as 

k ■ » where  k[M]  ■ 4 x 10”12  . 

(1.12  x l<r0  + [M]) 

(See  Lawrence  Livermore  Laboratory  preprint,  UCRL  -77917,  p.  20,  March  1976) 

The  effective  bimolecular  rate  constant  is  also  given  by  the  COMESA 
report  (p.  179)  for  this  reaction,  along  with  values  of  [M]  at  various  altitudes. 
Selected  values  follow,  along  with  computed  values  using  the  CIAP/NBS  relation- 
ship (Table  B-l). 


Altitude, 


TABLE  B-l 


10~17[M], 


COMPARISON  OF  EFFECTIVE  BIMOLECULAR 
RATE  CONSTANTS  OH  + NOg  + M 


HN03  + 


km 

(mol-cm-13) 

K 

‘COMESA 

K 

NBS 

15 

39.8 

1.3 

X 

10-11 

3.12 

X 

io“12 

20 

18.6 

8.0 

X 

10-12 

2.49 

X 

10'12 

25 

8.5 

4.2 

X 

10~12 

1.73 

X 

10-12 

30 

3-8 

1.8 

X 

10-12 

1.01 

X 

10"12 

35 

1.8 

8.5 

X 

IQ"13 

5.54 

X 

ID'13 

4o 

0.83 

3.2 

X 

IQ'13 

2.76 

X 

10”13 

45 

0 . 40 

1.4 

X 

IQ"13 

1.38 

X 

10”13 

50 

0.23 

5.8 

X 

ID-1* 

8.05 

X 

10'■^i, 

The  COMESA  results  for  this  reaction  support  a higher  rate  than  used  by 
CIAP  at  altitudes  to  45  km.  The  higher  rate  reduces  the  effects  of  added 
NOx  from  aircraft.  COMESA  modeling  efforts,  however,  adopted  the  NBS  values, 
with  an  expression  equivalent  to  that  given  by  Lawrence  Livermore  Laboratory 


(COMESA  report,  p.  299). 


The  OH  + S02  rate  found  leads,  in  agreement  with  information  in  CIAP,  to 
the  opinion  that  OH  + S02  is  important  in  the  oxidation  of  S02  in  the 
stratosphere.  No  disousslon  of  the  Importance  of  HN02  is  given. 

Various  bimolecular  reactions  with  OH  are  discussed.  The  OH  + HNO^ 
reaction  has  already  been  noted.  The  important  OH  + H02  reaction  is  not 
mentioned.  The  reaction  OH  + CO  ♦ C02  + H is  discussed. 


The  wavelength  dependence  for  the  quantum  yield  for  O^D)  production  in 
Og  photolysis  is  discussed  (COMESA  report,  pp.  161-162,  193).  The  major  point 

of  interest  is  that  COMESA  believes  a step  function  (at  A » 308  nm)  from  1.0 

to  0 at  233  K may  be  the  most  satisfactory  for  this  relationship.  This  is  in 

contrast  to  the  view  expressed  by  Lawrence  Livermore  Laboratory  in  their  draft 

annual  report  (p.  26). 

Quantum  yields  of  HNO^  photolysis,  and  questions  thereto,  are  discussed. 
More  work  seems  to  be  needed  on  this  Important  problem. 

A number  of  o'.  *•  reactions  and  species  are  discussed,  including  HNO^  and 

NO  photolysis,  the  1 . radical,  O^D)  reactions,  HOg  reactions  (but  not  the 
critical  one  with  OH  and  H02),  excited  N02,  etc.,  but  no  particular  point  is 
made  of  the  results. 

B.3.2  Summary  (Laboratory  Chenristry) 

The  COMESA  report  concludes  (pp.  175-176)  that,  while  considerable 
progress  has  been  made  in  the  last  several  years,  there  is  still  a need  for 
better  rate  coefficients  in  the  0H-HQ2~N0x  system.  The  gas  kinetic  behavior 
of  the  higher  oxides  of  nitrogen,  as  well  as  methane  oxidation  processes,  are 
not  well  understood.  Excited  species  chemistry,  particularly  in  the  high 
stratosphere,  needs  to  be  considered,  but  for  this,  high  quality  data  on 
solar  0V , its  penetration,  and  on  the  wavelength  dependence  of  the  quantum 
yield  for  ozone  photodissociation  below  310  nm  are  needed.  Chlorine  species 
are  also  expected  to  play  a central  role. 

The  COMESA  group  also  points  out  that  none  of  their  results  contradicts 
the  basic  hypothesis  that  N0X  from  stratospheric  aircraft  will  lead  to  some 
reduction  in  stratospheric  ozone, 

B.4  COMESA  OZONE  MODELING 
B.4.1  Introduction 

The  COMESA  used  a number  of  models  in  their  studies.  A major  difference 
with  CIAP  modeling  efforts  was  the  exclusive  use  by  COMESA  of  1-D  models  in 
which  the  sun  angle  is  varied  diurnally  and  seasonally.  The  computer  time 
requirements  in  such  models  is  vastly  larger  than  in  fixed  solar  angle  models, 
so  that  the  COMESA  results  were  not  always  assuredly  at  stationary  state 
conditions.  Also,  intercomparison  of  perturbed  and  unperturbed  atmosphere  is 
mere  difficult  with  time-dependent,  diurnally  varying  models  since  all 
variables  change  continuously,  30  that  considerable  "nolBe’f  is  evident  in  the 
plots  of  ozone  changes  versus  time. 


The  following  discussion  follows  that  of  the  COMESA  report.  The  3-D 
modeling  work,  in  which  only  the  study  of  tracers  was  attempted,  is  described 
first.  The  2-D  work  is  then  discussed,  and  an  intercomparison  of  the  COMESA 
and  CIAP/NAS  work  follows. 

B.4.2  3-D  Model ino 

The  COMESA  3-D  general  circulation  model  is  described  in  philosophical 
terms  and  in  detail  on  p.  209  and  following  pages  of  the  COMESA  report.  The 
model  grid  density  is  nearly  uniform,  with  4626  points  representing  the  globe 
with  an  average  grid  length  of  about  320  km.  Vertical  resolution  is  typically 
3 km,  with  13  levels  spaced  over  0 to  44  km.  The  model  shows  many  Interesting 
features  of  the  natural  atmosphere,  including  a strong  gradient  of  ozone 
mixing  ratio  across  the  model  tropopause  and  also  a downward  slope  of  the 
mixing  ratio  isopleths  towards  the  poles  in  the  lower  stratosphere. 

A.  3-D  Injected  Tracer  Results 

The  3-D  model  was  run  with  simulated  N0X  injections  from  9 km  to  18  km, 
according  to  the  "Standard  CIAP  Problem"  (1973),  but  excluding  subsonics  and 
the  advanced  supersonic  transport  (AST)*,  and  thus  emissions  above  18  km 
(p.  226)  (see  below,  however).  The  effective  N0X  e-folding  time  in  the 
troposphere  due  to  rainout  was  taken  as  30  days,  depleting  N0x  where  rain  was 
predicted.  Seasonal  variation  in  the  Standard  CIAP  Problem  was  included, 
making  comparison  of  the  data  with  steady  injection  models  difficult.  Also, 
the  model  was  run  for  only  360  days,  so  that  stationary  state  was  not  achieved. 
Nevertheless,  the  results  could  be  interpreted  in  terms  of  average  flux- 
gradient  relationships  for  comparison  to  1-D  models,  as  3hown  in  Pig.  B-6. 

The  buildup  of  burden  was  found  to  be  as  follows,  in  10“  g-cm“ 


globally  averaged. 

Total  N0X 

N°x 

NOx 

Day 

Injected 

Rained  Out 

Burden 

120 

3.2 

0.9 

2.3 

240 

9.1 

3.6 

5.5 

360 

13.4 

7.8 

5)6 

The  total  N0X  injected  after  one  year  (COMESA,  p.  253)  was 
13.4  x 10”8  x 5.1  x 1018  x 10"3  - 3.417  >:  108  kg,  whereas  the  CIAP  Standard 

O 

Problem,  excluding  subsonics  and  the  AST,  called  for  6,86  x 10  kg/yr.  The 
source  of  the  apparent  discrepancy  is  not  evident,  but  is  of  no  apparent 
consequence.  The  altitude  distribution  of  the  emissions  is  about  as  shown 


*A  vehicle  postulated  early  in  the  CIAP. 
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in  the  Standard  Problem  (63.1  percent  15-18,  31-5  percent  12-15,  and  5*4 
percent  9-12).  Because  the  model  was  not  at  stationary  state,  and  because 
of  the  seasonal  variation  in  input,  residence  times  (burden/flux),  etc., 
cannot  be  determined  from  this  run. 

The  3-D  results  were  subjected  to  averaging  processes  in  order  to 

compare  them  to  1-D  models.  Several  points  of  interest  were  noted.  First, 

three  tracers,  all  treated  as  inert  in  the  stratosphere  (0^,  HgO,  N0X)  gave 

different  K„  results  with,  in  some  cases,  negative  (Fig.  la)  values  being 

evident,  even  on  a globally  averaged  annual  flux  basis.  Second,  strong 

seasonal  variability  (Fig.  lb)  was  evident,  involving  both  positive  and 

negative  values,  averaging  all  three  tracers  over  the  Northern  Hemisphere. 

Third,  a comparison  (Fig.  lc)  to  Chang  and  Hunten  K profiles  was  made  which 

could  be  interpreted  in  a broad  sense  to  support  the  Chang  profile  in. certain 

regions  and  the  Hunten  profile  in  others  (See  Fig.  1).  In  detail,  the 

comparisons  were  not  very  satisfactory.  In  the  critical  (to  subsonic 

aircraft)  low-altitude  region  (about  10  km  to  13  km),  the  Chang  Kz  values 

were  too  large,  as  were  Hunten 's*  at  10  km  to  11  km.  The  extreme  minimum  at 

14  km  in  the  Hunten  model  was  not  found  in  the  3-D  studies  but  low  values 

were  found  in  the  3-D  model  near  about  18  km.  The  K_  values  in  the  Chang 

z 

profile  above  30  km  were  too  low.  [The  "new  Chang"  (1976)  profile  has,  of 
course,  corrected  this.]  The  Northern  Hemisphere  and  Southern  Hemisphere 
values  were  different. 

B.  COMESA  Interpretation  of  3-D  Results 

The  COMESA  results  (Fig.  F-6)  have  been  interpreted  by  COMESA  as 
follows  (pp.  228-229): 

"As  regards  these  profiles  of  Kz,**  on  the  whole,  they  agree  best  with 
the  Hunten  values  above  about  26  km.  There  is  fairly  good  agreement  with 
both  Chang  and  Hunten  between  20  and  26  km,  there  Is  better  agreement  with 
Chang  than  Hunten  between  about  14  and.  20  km  and  rather  considerable  spread 
at  lower  levels.  The  physical  implication  of  these  values  is  that,  compared 
with  the  3-D  model,  the  vertical  fluxes  for  all  constituents  implied  by  current 
1-D  models  will  be  too  slow  in  the  upper  stratosphere  when  Chang’s  values  are 
used  and  too  slow  in  the  lower  stratosphere  when  Hunten’s  values  are  used.... 

"Consideration  of  these  results  casts  considerable  doubts  on  the  value 
of  current  1-D  models,  except  for  the  purpose  of  first  estimates,  and 
emphasizes  the  need  for  a more  sophisticated  treatment  of  the  dynamics." 


•As  plotted.  The  3-km  resolution  used,  however.  Is  too  coarse  to 
make  much  out  of  this. 

••Averaged  /alues. 
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B.4.3  One-Dimensional  Models 
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A.  Discussion 

The  COMESA  report  discusses  the  limitation  of  various  models  and  of  the 
averaging  processes  Involved  at  considerable  length  (pp.  257-ff).  Their 
evident  feeling  is  that  1-D  and  2-D  models  involve  internal  Inconsistencies 
which  cannot  be  resolved.  The  call  is  made  for  more  observations  and  for 
comparison  of  models  only  to  observations  (COMESA,  p.  258),  and  not  to  other 
models.  It  is  also  pointed  out  (COMESA,  p.  274)  that  "1-D  models  cannot  hope 
to  generate  profiles  which  may  be  compared  with  measured  distributions." 

The  discussion  points  out  (COMESA,  p.  259)  the  factor  of  2 uncertainty 
in  the  solar  flux  below  270  nm. 

An  important  point  is  made  that  it  is  not  clear  how  to  handle  some 
sources  and  sinks  in  1-D  models,  in  which  transport  for  all  species  at  a 
given  altitude  is  assumed  to  be  dependent  on  the  mixing  ratio  gradient  and 
the  same  "eddy  diffusion"  coefficient,  independent  of  species.  Thus,  COMESA 
(pp.  19,  260),  notes  that  the  water  vapor  mixing  ratio  decreases  with  altitude; 
yet  water  is  formed  from  CH^  oxidation  in  the  stratosphere  and  the  flux  is 
evidently  downward.  Mean  motions  downward  must  be  important,  but  are  not 
included  in  the  1-D  concept.  (Ellsaesser,  pp.  7-13>  CIAP  Monograph  3,  makes 
the  same  point;  in  essence,  the  question  is,  if  water  is  not  carried  upward 
at  midlatitudes,  why  should  N0X  from  aircraft  be  carried  upward?).  As  was 
suggested  in  the  3-D  work,  a different  Kz  should  perhaps  be  applied  to  each 
constituent.  Excess  carbon-14  (COMESA,  p.  263),  having  a completely  different 
sink  from  N0X,  cannot,  in  the  COMESA  view,  be  given  any  special  significance 
in  explaining  the  movements  of  NOx>  Also  according  to  COMESA,  the  use  of 
CHjj  data  near  the  downward  branch  of  the  Hadley  cell  will  give  overestimates 
of  residence  times  because  of  the  sharp  gradients  near  the  tropopause. 

It  is  argued  (COMESA,  p.  260)  that,  since  not  all  sources  and  sinks  can 
be  known,  the  model  results  will  be  an  overestimate  of  effects,  because  a 
balance  between  too  small  opposing  terms  is  involved.  Furthermore,  there  is 
evidence  that  1-D  models  underestimate  the  rate  of  vertical  transport  in  the 
stratosphere  as  a whole  (COMESA,  p,  267) • 

It  is  argued  extensively  that  the  mean  motions  are  supposedly  represented 

by  the  K profile,  but  the  gradients,  and  thus  the  transports  are,  in  fact, 
z 

determined  by  the  photochemistry  (COMESA,  p.  263).  The  boundary  conditions 
selected  play  an  important  role  (COMESA,  p.  264). 

There  are  numerous  rate  constants  which  are  net  well  established.  COMESA 
agrees  (p.  260)  that  the  most  critically  needed  rate  is  OK  + NO.,  + M •* 

HN03  + M. 
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TABLE  B-2 . THE  CHEMICAL  KINETIC  MECHANISM  USED  IN  MODEL  A 
SOURCE:  COMESA,  1975 
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CHj 

4 

NOj 

ch3no2 

0(XD) 

♦ 

n2o 

■4 

Nj  ♦ Oj 

CHjO 

4 

°2 

- 

HCHO  4 H02 

OH  ♦ NO 

♦ 

M 

*4 

HNOn  + N 
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TABLE  B-3.  RATE  COEFFICIENTS  FOR  MODEL  B 

(with  activation  energy  In  cal/uole) 
SOURCE:  COMESA,  1975 


02  + hv 
Og  + hv 
Oj  + hv 
N02  + hv 
HN03  + hv 


0 + 0 
02  + 0(1D) 
02  + 0 
NO  + 0 
OH  + N0„ 


Fully  time-dependent  45°  N sun, 
J values  computed  every  30  min 
Ackerman's  solar  spectrum 


0(1D)  + M 

+ 0 + M 

7.0  x 10-11  cm-3  molec-1  S-1 

0 + 0o  + M 

C. 

+ °3  + M 

1.05  x 10"31*  exp(10l4/RT)  cm6 
molec"2  S"1 

0 + 03 

- o£  + o2 

2.00  x 10"11  exp(-4522/RT)  cm3 

molec-1  S-1 

NO  + 03 

N°2  + °2 

9.50  x 10~13  exp(-2460/RT)  cm3 

molec-1  S-1 

O^D)  + N20 

NO  + NO 

1.1  x 10-10  cm3  molec'1  S-1 
(other  channel  allowed  for) 

OH  + N02  + M 

HN03  + M 

4.0  x 10-12  /R7  (1.1  x 1018  + 

/W)  cm3  molec-1  S-1 

OH  + 03 

H02  + 02 

1.6  x 10-k2  exp (-1990/RT)  cm3 
molec-1  3-1 

OH  + H02 

H20  + 02 

0(1D)  + H20 

•+  OH  + OH 

3.5  x 10-10  cm3  molec-1  S-1 

o + ho2 

OH  + 02 

2.0  x 10-11  cm3  molec-1  S-1 

NO  + hv 

■+  N + 0 

Assume  Jj^q/Jq  has  constant  ratio 
2 

and  use  Cieslik  & Nicolet  (1973) 

N + NO 

-*■  N2  + u 

2.7  x 10-11  cm3  molec-1  S-1 

o + no2 

NO  + 02 

9.1  x 10  12  cm3  molec-1  S-1 

B-20 


, H 

■•X  ,i;<'  3 


.<"11  nf*7*1 


$ 

I 

5 

i 

i 
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TABLE  B-4.  THE  EDDY  DIFFUSION  COEFFICIENTS  (CHANG  VALUES) 

SOURCE:  COMESA,  1975  j 

f 


10“4K, 

z. 

~4 

10  SK, 

z. 

1 

1 

:m2  sec-1 

km 

cm2  sec-^ 

km 

j 

2.87 

48.5 

0.367 

28.5 

[ 

2.33 

47.5 

0.372 

27.5 

j 

1.91 

46.5 

0.382 

26.5 

1 

1 

1.58 

45.5 

0.397 

25.5 

j 

1.33 

44.5 

0.417 

24.5 

1 

1.13 

43.5 

0.443 

23.5 

1 

0.965 

42.5 

0.476 

22.5 

) 

0.837 

41.5 

0.517 

21.5 

0.734 

40.5 

0.568 

20.5 

j 

0.652 

49-5 

0.631 

19.5 

0,585 

38.5 

0.708 

18.5 

j 

0.530 

37-5 

0.805 

17.5 

J 

0.487 

36.5 

0.925 

16.5 

j 

0.452 

35.5 

1.07 

15.5 

| 

0.424 

34.5 

1.26 

14.5 

] 

0.402 

33.5 

1.50 

13.5 

0.386 

32.5 

1.80 

12.5  • 

0.375 

31.5 

2.19 

11.5  ' 

O.368 

30.5 

2.69 

10.5 

0.365 

29.5 

30.0 

0.5-9. 5 

TABLE  B-5.  THE  EDDY  DIFFUSION  COEFFICIENTS  (HUNTEN  VALUES) 
SOURCE:  COMESA,  1975 


io~V 

Z, 

2 see-1 

km 

7.2 

47 

5.9 

45 

4.7 

43 

3.8 

41 

3.0 

39 

2.4 

37 

2.0 

35 

1.6 

33 

1.3 

31 

1.1 

29 

0.9 

27 

0.72 

25 

0.56 

23 

0.45 

21 

0.37 

19 

0.30 

17 

0.23 

15 

3.0 

13 

3.0 

11 

10,0 

1-9 

['■ 
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f. 


I 
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COMESA  1-D  results  were  based  on  models  using  a diurnally  and  seasonally 
(45°  N)  varying  sun,  with  a fixed  Kz  profile.  It  is  noted  that  results  from 
such  models  cannot  show  correct  seasonal  values  for  a hemisphere  (COMESA, 
p.  207).  Two  models  (A  and  B)  were  used,  one  with  1-km  resolution  and 
detailed  chemistry  (including  CH^  reactions)  extending  from  10  km  to  50  km, 
and  one  with  abbreviated  chemistry  (no  CHjj  reactions)  and  2-km  resolution 
extending  from  0 km  to  48  km'.  Further  details  of  the  chemistry  and  dynamics 
used  are  given  in  Tables  B-2  to  B-5.  The  first  model  required  112  sec/day 
and  the  second  13  sec/day  on  an  IBM  360-195. 

Model  A.  Model  A included  NgO,-  as  well  as  the  CH^  reactions  (neither 
of  which  were  included  in  CIAP).  N 2 0^  has  a response  time  of  the  order  of 
24  hours  (COMESA,  p.  273)  in  the  middle  and  low  stratosphere;  furthermore, 

NOj  photolysis  is  not  a square  wave  but  rather  increases  through  the  day,  so 
that  models  which  do  not  include  the  diurnal  variation  do  not  evaluate  the 
term  k[N02][0]  correctly;  a fixed  sun  is  a poor  approximation  (COMESA,  p.  274). 

The  model  was  run  for  6 years,  both  for  natural  and  perturbed  cases. 

The  perturbed  case  included  H20,  CO,  CH^,  and  CO^  injections  in'  quantities 
proportional  to  Concorde  emission  indices,  with  NO^  injected  at  the  rate  of 
1.24  x 10^  molecules/yr  (COMESA,  p.  277.*  In  molecules-cm”^-sec-1  the 
figures  are  as  given  in  Table  B-6  (COMESA,  p.  297). 

TABLE  B-6.  POLLUTANT  INPUT  RATES  USED  IN  MODEL  A 
(molecules/cm3-sec) 


N02 

768 

h2o 

172,800 

CO 

267 

C02 

91,200 

CHjj 

77 

The  injection  rate  was  apparently  held  constant.  The  eddy  dlffusivity 
profile  used  was  that  due  to  Chang  (Table  B-4). 


I 


The  reduction  in  oaone  was  found  to  vary  (COMESA,  p.  277)  from  about 
0.8  percent  in  summer  to  1.2  percent  in  winter.  Another  experiment  was  run 
in  which  the  same  Injection  rate  was  put  in  at  11  km  to  13  km.  The  model 
base,  however,  is  at  10  km,  so  the  results  were  in  some  question  lowever, 
it  was  found  that  an  increase  in  0^  took  place  initially,  followed  after 

•Relative  to  the  figure  of  1.13  x 10^  for  1000  Concordes  (COMESA, 
p.  24),  this  is  1097  Concordes;  converted  to  9.475  x 10°  kg  NO  /yr, 
relative  to  p.  17  at  8 x 10°  kg/yr,  this  Is  1184  Concordes. 
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about  3 years  by  a decrease  In  O^,  of  the  order  of  0.1  percent,  above  10  km. 
The  model  showed  maximum  ozone  production  at  low  solar  penetration  (winter); 
at  summer  conditions,  the  production  rate  of  0 atoms  was  high  enough  for  the 
injected  N02  to  cause  0^  reduction.  The  behavior  was  explained  in  terms  of 
a tradeoff  between  N02  photolysis  which  produces  0^,  and  N02  reaction  with 
0 atoms,  which  destroys  0^.  Thus,  if  0 atom  concentration  is  low,  the  first 
of  the  following  two  reactions  is  less  important  than  the  second.  If  0 atom 
concentration  is  high,  the  second  reaction  is  less  important. 


no2  + 0 h 

N02  + hv 


NO  + 0„ 


NO  + 0 


This  model  included  the  methane  oxidation  steps  so  that 

CH302  + NO  -*•  CH30  + N02 

also  produced  ozone,  via  reaction  (2).* 

The  model  also  was  run  with  simultaneous  injection  at  both  altitude 
levels.  The  results  were  somewhat  inconclusive,  since  the  run  was  for  only 
3-1/2  years,  but  there  was  some  evidence  of  interference  (in  the  model) 
between  the  two  sources,  each  tending  to  slow  transport  through  the  other 
layer,  upwards  or  downwards.  The  noisy  nature  of  the  results  is  shown  in 
Fig.  B-7,  which  plots  the  individual  and  combined  cases. 

Model  B.  The  second  model  used  simplified  chemistry  (Table  B-3) 

(12  species,  18  reactions,  and  excluding  many  H0X  reaction  and  methane 

oxidation  reactions)  and  extended  from.  0 to  48  km  with  2-km  resolution. 

The  model  took  1-1/4  hr/yr  on  the  IBM  360-195  and  was  fully  time-dependent. 

The  abbreviated  chemistry  utilized  increased  the  model  sensitivity  to  N0x 

injections.  Nine  experiments,  each  involving  about  a 10-year  Integration 

period  were  performed.  The  experiments  were  run  with  the  natural  atmosphere, 

100  SSTs,  and  100  SSTs  + 2000  subsonics,  with  Chang  and  Hunten  K profiles. 

z 

One  experiment  involved  variation  with  time  of  N20;  In  two  others,  the 
temperature  was  changed  according  to  radiative  equilibrium  considerations. 

A fixed  temperature  profile  was  used  in  the  other  experiments. 

O 

The  NO  injection  rates  used  were  1.08  x 10°  kg/N0o/yr  at  16  to  18  km 
for  100  Concorde  equivalents,  and  9-16  x 10°  kg  N02/yr  for  2000  subsonics, 
at  12  km  (COMESA,  p,  297).  The  results  are  discussed  In  detail  in  the 
COMESA  report.  They  are  summarized  for  the  aircraft  perturbations  (COMESA, 
p.  285)  in  Table  B-7. 


The  N03  photolysis  mechanism  (to  NO  + 0^)  which  destroys  03  was  included; 
the  alternate  pathway  (to  N02  + 0)  was  not.  (See  Table  B-2.) 
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FIGURE  B-7.  Percentage  Changes  in  03  Column  Densities  (Model  A) 
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TABLE  B-7.  OZONE  REDUCTIONS  PREDICTED  BY  COMESA  MODEL  B 


si 

Percent 

Percent 

Reduction 

Reduction 

II 

Kzz 

in  03, 

in  03, 

Annual  Mean, 

| 

Experiment 

Author 

Late  Winter 

Late  Summer 

Percent 

L 

k 

| 

100  SSTs 

Chang 

0.15 

0.09 

0.12 

% 

B 

2000  subsonlcs 

Chang 

0.28 

0.18 

0.23 

a 

+ 100  SSTs 

j. 

| 

100  SSTs 

Hunten 

0.17 

0.11 

0.14 

6 

2000  subsonlcs 

Hunten 

0.45 

0.33 

0.39 

V. 

?• 

+ 100  SSTs 

Jr- 

$■ 

The  conclusion  is  drawn 

(by  COMESA)  that 

the  choice  of 

Kz  profile  has 

i 

little  effect  on 

predicted  0^ 

changes  due  to 

100  SSTs  (0.12 

versus  0.14 

percent);  however,  a considerable  effect  Is  noted  on  0^  changes  due  to 

subsonlcs.  The  conclusion  with  regard  to  SSTs  is  surprising  In  view  of 

other  model  results,*  and  may  relate  to  the  exact  manner  in  which  the 

numerical  modeling  was  done  (with  2-km  resolution)  to  chemistry  differences 

(e.g.,  6.7  x 10-11  for  the  OH  + HQ2  reaction,  rather  than  2 x 10-10  as  In 

CIAP) , differences  between  fixed  and  varying  sun  angle,  lack  of  stationary 

state,  etc.  The  Hunten  K„,  for  example,  was  set  at  a minimum  value  of  2.3  x 
? z4 

10-1  at  15  km  versus  3 x 10  at  13  km;  with  finer  resolution,  a value  of 
2.3  x 10^  Is  called  for  at  14  km  also. 


*The  NAS  results  (NAS  report,  p.  29)  can  be  prorated  to  an  Injection 
of  1.08  x 10°  kg  NO~/yr  to  give,  on  a global  average  basis,  for  the 

r r. . i « <- 


Hunten  K profile 
z 


0.72  108 
2 x STT? 


0.619*. 


This  figure,  however,  Includes  a 2-km  adjustment  for  aircraft  altitude 
relative  to  the  tropopause  at  midlatitudes  versus  tnat  at  which  the 
model  was  derived.  If  this  correction  is  removed  (see  NAS,  p.  118), 
the  change  in  injection  coefficient  changes  the  result  to  0.3^5 
percent.  In  contrast  (for  16.5-km  injection),  the  Chang  results 
(CIAP  ROP,  p.  B-19)  would  be, 

6 - 1.4972  (0.108)0*9091  * 0.198*. 

Furthermore,  if  the  Chang  chemistry  had  been  used  with  the  Hunten 
Kz  profile  (Lawrence  Livermore  Laboratory/IDA  runs  of  12-13 
December  1975)  figures  about  50  percent  higher  (than  0.619  percent) 
would  have  been  found. 
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The  considerable  differences  in  odd  nitrogen  budget  and  ozone 
distribution  in  the  natural  atmosphere  between  the  Hunten  and  Chang  Kz 
profiles  were  noted  (COMESA  report,  p.  285).  It  is  suggested  that  the 
larger  N0X  burden  in  the  natural  atmosphere  with  the  Hunten  profile  decreases 
the  sensitivity  to  N0x  injections.  It  should  be  noted,  however,  that  the 
Lawrence  Livermore  Laboratory  model  results  include  this  effect,  also  showing 
considerably  more  N0X  in  the  natural  atmosphere;  yet  substantial  differences 
in  results  are  evident  between  Chang  and  Hunten  Kz  profiles. 

The  importance  of  the  OH  + N02  + M -*■  HNO^  + M rate  constant  was  noted 
by  the  COMESA  report  (p.  287) » although  no  sensitivity  results  were  reported. 

The  rata  constant  formulation  used  was  apparently  that  prescribed  in  the 
CIAP  (NBS)  recommendations. 

The  initial  formation  of  0^  due  to  N02  injection,  even  without  CH^ 
reactions,  is  noted  in  their  report  by  COMESA  (p.  288). 

The  model  runs  in  which  temperature  was  calculated  rather  than 
prescribed  were  inconclusive,  although  suggesting  that  a minor  reduction 
in  the  ozone  decrease  would  result. 

Runs  with  varying  N20  in  the  troposphere  were  made  which  showed  the 
time  delays  involved  (12  years  to  stationary  state,  COMESA,  p.  290)  and  the 
effects  on  0^.  The  point  is  made,  noting  the  measured  increase  in  N20  in 
1966-69  (Sch'iitz  et  al.,  1970),  that  ozone  reductions  of  the  order  of 
1 percent  to  2 percent  would  be  expected  into  the  mid-1970s  and  would  have 
important  Implications  for  monitoring  possible  anthropogenic  effects. 

Several  points  follow  in  the  COMESA  discussion  (p.  291).  It  is  argued 
that  subsonic  aircraft  at  11  km  to  13  km  cannot  be  neglected  in  comparison 
with  supersonic  at  16  km  to  18  km.  It  is  stated  that  Model  A results  show 
that  about  600  Concordes  would  produce  about  1 percent  0^  depletion  on  a 
global  scale.  However,  the  actual  Model  A results  (COMESA  report,  p.  277) 

oh  Q 

of  1.24  x 10-5  N0X  molecules/yr , or  9.5  x 10  kg/yr  as  N02,  corresponds  more 
closely  to  about  1200  Concordes,  based  on  information  elsewhere  in  the  report. 

A hemispheric  value  and  a global  value  were  apparently  intermixed  in  this 
comparison;  in  the  COMESA  Summary  (p.  xvii)  and  later  herein,  the  information 
is  reported  correctly. 

It  is  also  pointed  out  (COMESA  report,  p.  291)  that  the  constant  K 1-D 
model  implies  higher  transport  in  the  summer  than  in  the  winter,  because  of  the 
photochemically  created  gradients  involved,  whereas  the  actual  atmosphere  has 
higher  transport  rates  in  the  winter.  It  is  also  argued  (COMESA  report,  p.  292) 
that  the  use  of  average  solar  zenith  angle  does  not  lead  to  a realistic 
simulation  of  the  dynamics  over  an  annual  cycle.  All  models  are  extremely 
dependent  on  bottom  boundary  conditions. 
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B . 4 . 4 2-D  Modeling 

A.  Discussion 


A comprehensive  2-D  model  at  Oxford  was  not  yet  complete  at  the  time  the 
COMESA  report  was  prepared  (COMESA  report  p.  332).  Work  was  thus  reported 
with  a simplified  model  in  which  "known"  values  of  mean  winds  v and  w,  along 
with  empirically  determined  eddy  diffusivity  coefficients,  were  used. 
Climatological  v data  exist  only  to  about  30  km,  and  major  gaps  exist, 
particularly  in  t'-e  Southern  Hemisphere.  For  higher  altitudes,  estimates 
have  been  made  (as,  e.g.,  by  J.F.  Louis,  1974).  The  w data  can  be 
calculated,  given  v data  and  assuming  w at  the  upper  boundary  13  zero.  Eddy 
diffusivity  coefficients  (K  , Kyz,  Kzz)  have  been  derived  by  the  various 
workers,  assuming  the  same  values  apply  to  all  constituents,  but  there  is  a 
great  deal  of  uncertainty  involved,  and  no  guarantee  that  a set  of  "tuned 
values"  will  be  correct  (particularly  for  the  perturbed  atmosphere). 

Correct  averaging  around  latitude  circles  is  also  difficult  to  achieve 
(COMESA  report,  p.  334).  Boundary  conditions,  or  tropospheric  sinks,  are 
difficult  to  specify  properly.  In  short,  numerous  disposable  parameters 
exist  to  tune  the  model  to  a given  observation,  but  credibility  Is  not 
necessarily  enhanced. 

The  Oxford  2-D  model  (COMESA  report,  p.  338)  extends  from  0 to  80  km, 
with  a vertical  resolution  of  about  3-5  km  (O.75  pressure  ratio);  the  model 
utilizes  a latitudinal  resolution  of  9.47  deg,  and  a time  resolution  of  6 
hours.  Luther  (1973)  values  have  been  used.  Heating  and  cooling  are 
calculated  explicitly.  The  model  did  not  assume  hemispheric  symmetry. 

Removal  of  NOx  in  the  troposphere  was  simulated  by  using  a time  constant  for 
destruction  of  one  week  (considerably  faster  than  the  30  days  used  in  the  3-D 
work).  The  maximum  NOx  mixing  ratio  (based  on  a 1-D  argument)  is  increased 
about  20  percent  by  doubling  the  washout  time  constant  to  14  days  (COMESA 
report,  p.  342).* 

B.  Results 

At  the  time  of  report  preparation,  the  model  Included  a simple 
treatment  of  ozone  photochemistry,  which  vjas  not  considered  suitable  for 
perturbation  experiments,  although  proving  runs  were  carried  out,  including 
both  tracer  and  perturbation  results. 

Tracer  experiments  (COMESA  report,  pp.  343  ff)  with  the  model  included 
both  W-185  and  C-l4.  The  simulation  was  imperfect  in  both  cases,  although 
perhaps  not  unreasonably  so. 


•It  is  of  Interest  that  Prinn  et  al.  (1975)  used  30  days  (as  a 
"lifetime")  below  8 km. 
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The  model  was  run,  for  the  natural  atmosphere,  for  3 years  — too  short 
a time  to  achieve  a stationary  state.  Some  evidence  of  a possible  tropospheric 
source  of  N0x  was  noted  (COMESA  report,  p.  319).  Model  water  vapor  distribu- 
tion was  quite  realistic  in  the  stratosphere,  although  volume  mixing  ratios 
were  rather  high,  up  to  21  km  to  23  km  levels.  (No  further  data  on  this  point 
are  given.) 


The  model  experiments  also  included  simulated  emissions  from  a fleet  of 
about  100  Concordes  and  2000  subsonics.  The  latitudinal  and  seasonal 
distributions  were  taken  from  the  CIAP  Standard  Problem,  (0.6  winter  to  spring, 
1.08  spring  to  summer,  1.52  summer  to  autumn,  and  0.8  autumn  to  winter). 

Water  v^or  was  taken  as  69.3  gm  H20/gm  N02. 

The  injection  rates  were  taken  as  shown  in  Table  B-8. 

TABLE  8-8.  AIRCRAFT  EMISSIONS  IN  THE  2-D  MODEL 


(a)  Weighting  of  Aircraft  Plight  Frequency 


Latitude 

Height 

85°  N 

75°  N 

65°  N 

55°  N 

b5°  N 

35°  N 

25°  N 

15°  N 

5°  N 

5°  N 

15°  S 

25°  s 

35°  S 

10-12  km 

0.25 

0.25 

b 

23 

33 

2b 

8 

1.125 

1.125 

1.125 

1.125 

1.5 

1.5 

12-lb  km 

0.25 

0.25 

b 

23 

33 

2b 

8 

1.125 

1.125 

1.125 

1.125 

1.5 

1.5 

16-18  km 

0.5 

0.5 

5 

29 

30 

20 

8 

1 

1 

1 

1 

1.5 

1.5 

(b)  Details  of  Aircraft  Types 
Height 
10-12  km 


12-lb  km 
16-18  km 


and  Total  In.leotlons 

Aircraft  Type 

500  narrow-bodied,  b-engined 
1000  wlde-bodied,  3-engined 
200  wlde-bodled,  b-engined 
300  wlde-bodled,  b-englned 
100*  Concorde  type 


Total  NOn  Injection 

7.0  x 10®  kg/yr 

2.16  x 10®  kg/yr 
1.08  x 10®  kg/yr 


□ 

•(IT  the  conversion  rate  recommended  in  Section  2.2  of  0.8  x 10  kg/yr  /100  Concordes  is  used,  the 
value  of  108  x 10°  kg/yr"*  taken  here  for  the  SST  injection  is  equivalent  to  about  135  Concordes.) 
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The  model  run  was  for  3 years,  at  which  time  stationary  state  again  had 
not  been  achieved  (Fig.  B-8).  However,  the  ratio  of  corridor  and  hemispheric 
depletions  to  global  depletion  did  appear  to  have  settled  down  as  follows 
(Table  B-9). 
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TABLE  B-9.  RATIO  OF  NORTHERN  HEMISPHERE  AND  30°  N- 
60°  N CORRIDOR  OZONE  REDUCTIONS  TO  THE 
GLOBAL  REDUCTIONS 
SOURCE:  COMESA,  1975 


Integration  Time 
(months) 

Northern  Hemisphere/ 
Global 

30° 

to  60°  N/Global 

6 

1.83 

2.30 

9 

1.77 

2.39 

12 

1.85 

2.39 

15 

1.68 

2.10 

18 

1.52 

1.73 

21 

1.58 

1.92 

24 

1.68 

2.10 

27 

1.53 

1.87 

30 

1.46 

1.62 

33 

1.45 

1.65 

36 

1.52 

1.88 

These  figures  are 

not 

far  from  those  used  in  CIAP, 

although 

the 

comparison  is , in  fact 

, improper  in  that  no  2-D 

runs  at 

subsonic 

injection 

altitudes  were  carried 

out 

in  CIAP  and  much  (if 

not  most)  of  the 

depletion 

found  In  these  runs  Is  due  to  subsonic  fleets. 


The  average  global  ozone  depletion  found  after  3 years  was  0.37  percent. 
However,  the  depletion  had  not  shown  much  evidence  (Fig.  B-8)  of  leveling 
off,  so  no  estimate  of  the  final  effect  is  possible.  The  depletion  was 
found  to  be  maximum  at  the  North  Pole,  with  a minimum  in  the  equatorial 
region  and  another  smaller  maximum  at  the  South  Pole. 

B.4.5  COMESA  Comparison  of  Different  Model  Results 

COMESA  compared  these  results  to  CIAP  and  NAS  results  for  Concorde 
aircraft  also  (COMESA  report,  p.  386);  their  results  for  combined  Concorde/ 
subsonic  fleets  are  also  discussed  further.  The  results  for  Concorde 
aircraft  and  their  comparison  follows  (Table  B-10). 


TABLE  B-10. 

COMESA/C I AP  COMPARISON 

Model 

no2 

10®  kg/yr 

Global 

Ozone 

Reduction, 

% 

30-60° 

Corridor 

Factor 

Corridor 

Ozone 

Reduction , 

% 

Normalized** 

Corridor 

Reduction, 

* 

COMESA  A(d ) 

Chang 

9.5 

1.0 

1.8* 

1.8 

0.11 

COMESA  B3 

Chang 

1.08 

0.12 

1.8* 

9.22 

0.12 

COMESA  B6 

Hunten 

1.08 

o.r.Q 

1.8* 

0.25 

0.13 

CIAP  Average 

- 

0.578 

- 

2.0 

0.39 

0.39 

NAS  Average 

- 

0.628 

- 

2.0 

0.72 

0.66 

•Based  on  COMESA  2-D  results. 

••To  CIAP  Injection  at  0.578  x 10°  kg  NOj/yr. 


The  COMESA  report  results  (p.  386),  assuming  8 x 10^  kg/yr  NOx/Concorde, 
indicate  about  600  Concordes  would  be  required  to  cause  a 1 percent  0^ 
depletion  in  the  30°  to  60°  N corridor.  About  half  the  value  will  correspond 
to  a global  average,  and  about  one-fourth  as  a Southern  Hemisphere  average. 
The  effects  are  thus  about  one-sixth  those  of  the  NAS  and  one-third  those  of 
CIAP.  The  CIAP  values,  of  course,  included  the  NAS  results  in  the  averaging 
process . 

The  COMESA  report  does  not  note  the  2-km  adjustment  to  aircraft 
altitude  used  by  NAS  and  by  CIAP  in  applying  the  NAS  model.  They  again  note 
their  results  which  imply  an  insensitivity  to  K_  (COMESA  report,  p.  387). 

COMESA  also  notes  that  their  ozone  depletion  results  are  about  half 
those  found  by  Chang  for  the  same  Kz.  They  comment  that  the  diurnal 
treatment  may  reduce  the  effects,  but  do  not  note  their  use  of  a smaller  rate 
constant  (6.7  x 10-11  rather  than  2 x 10~'1'^)  for  the  OH  + H02  reaction.* 

The  COMESA  results  for  the  combined  fleets  of  subsonic  and  supersonic 
aircraft  are  given  in  Table  B-ll. 

TABLE  B-ll.  OZONE  REDUCTIONS  FOR  COMBINED 
FLEETS,  COMESA  MODELS 


Model 

COMESA  A(f) 

Injection  aa  NOj 

kg/yr-1  108 
(SST  + Subaonlc) 

Percentage  Ozone 
Reduction,  Annual, 
Global  Average 

Percentage  Ozone 
Reduction,  Annual, 
Hemispheric  Average 

Percentage  Ozoni 
Reduction  30-60° 
Corridor 

Chang 

(9.5  + 9.5  )a 

1.0b 

1.530  >b 

1.82d,b 

COMESA  B2 

Chang 

(1.08  + 9 . l6)a 

0.24 

0 . 37° 

0.43d 

COMESA  B5 

Hunten 

(1.08  + 9. 16  )a 

0.39 

0.60° 

■ 0.71d 

COMESA  2-D 

- 

(1.08  + 9.l6)a 

Q.37b 

0,56b 

0.70b 

aFirzt  figure 

Is  SST 

injection  at  16— X 8 km; 

second  is  subsonic 

at  11-13  km. 

bAt  the  end  of  three  years,  model  has  not  attained  a stationary  state. 

Calculated  using  a conversion  factor  of  1.53  based  on  2-D  model  results  and  assumed  to  apply  to 
both  SST  and  subsonic  aircraft  flight  altitudes. 

^Calculated  similarly  using  a conversion  factor  of  1.82  based  on  2-D  model  results. 


The  2-D  result  appeared  to  be  headed  (Pig.  3)  for  a higher  ozone 
depletion  value  than  in  run  B5  but,  as  noted  earlier,  no  estimate  of  the 
stationary  state  can  be  made.  The  superficial  agreement  in  the  final  two 
(lower  right  hand)  items  should  be  discounted. 

Finally,  the  COMESA  report  (p.  388)  argues  that  "the  reduction  of 
ozone  by  present  subsonic  fleets  (which  is  widely  regarded  as  being 
negligible)  will  be  less  than  doubled  by  addition  of  a hundred  or  more 
Concorde-like  SSTs  and  a change  of  this  magnitude  will  be  quite  undetectable." 

1 

The  greater  natural  N0X  burden  used  by  COMESA  is  also  a factor.  See  p.  B~6. 
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APPENDIX  C 


ON  THE  USE  OF  Zr-95  DATA  FROM  CHINESE  ATMOSPHERIC 
THERMONUCLEAR  EXPLOSIONS  TO  STUDY  ATMOSPHERIC 
MOTIONS  IN  A ONE-DIMENSIONAL  PARAMETERIZATION 


E.  Bauer 
R.  C.  Oliver 
W.  Wasylklwskyj 
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APPENDIX  C 


ON  THE  USE  OF  Zr-95  DATA  FROM  CHINESE  ATMOSPHERIC 
THERMONUCLEAR  EXPLOSIONS  TO  STUDY  ATMOSPHERIC 
MOTIONS  IN  A ONE-DIMENSIONAL  PARAMETERIZATION 

t.l  INTRODUCTION  AND  SUMMARY 

Here  we  analyse  the  detailed  data  reported  by  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  (Telegadas,  197^,  76)  on  transport  of 
zirconium-95  from  five  Chinese  3-Mt  theriu-'-nti'lear  explosions  which  deposited 
their  debris  clouds  at  approximately  18-km  altitude  and  A0°  N and  90°  E,  in 
terms  of  one-dimensional  diffusive  transport  into  the  troposphere.  The 
motivation  for  this  work  is  that  the  dynamics  of  oxides  of  nitrogen  and  other 
materials  injected  into  the  lower  stratosphere  by  (Concorde/Tu-lAA ) SSTs  in 
the  general  region  of  15-km  to  13-km  altitude,  A0C  N to  60°  N latitude,  is 
not  well  known,  and  one-dimensional  parameterizations  of  these' dynamics  by 
different  authors  vary  substantially.  (See  Appendix  D this  report).* 

The  zirconium-95  data  examined  here  show  strong  seasonal  variation,  with 
rapid  transport  into  the  troposphere  in  winter  and  slow  transport  in  summer 
and  fall,  which  implies  advective  rather  than  diffusive  behavior. 

A technique  is  developed  here  that  allows  data  from  pulsed  sources  at 
different  seasons  to  be  used  to  parameterize  mean  stratospheric  dynamics  and 
thus  to  estimate  the  annual  mean  residence  time  (burden/flux)  for  continuous 
sources.  A correction  is  made  for  sedimentation  of  the  radioactive  aerosols 
which  carry  the  zirconium-95.  We  calculate  both  injection  coefficients  and 
mean  atmospheric  residence  times  by  our  technique,  and  compare  them  to 
values  derived  by  various  other  one-dimensional  (1-D)  parameterization  of 
stratospheric  transport. 

The  present  results  support  Chang's  parameterization  of  lower  strato- 
spheric dynamics  better  than  Hunten's  parameterization.  The  results  are  thus 
in  disagreement  vith  results  based  on  excess  carbon-lA,  as  analyzed  by 
Johnston  et  ai.,  (1976)  who  found  the  Hunten  parameterization  to  be  preferable 


•We  believe  these  data  analyzed  here  to  be  more  directly  applicable  to 
the  SST  problems  than  data  from  other  tests,  which  took  place  near  the 
equator  or  at  75°  N.  These  data  have  not  previously  been  analyzed  in 
this  context. 
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C.2  OBJECTIVE,  OUTLINE,  AND  A CAVEAT 

The  objective  of  this  work  Is  to  compare  mean  motions  in  the  lower 
stratosphere  as  evidenced  by  the  zirconium-95  data  to  those  Implied  by 
existing  1-D  parameterlzations  of  such  motions.  A major  problem  In  doing  so 
is  to  establish  a relation  between  pulsed  and  continuous  injection  for  the 
altitude/latitude  regime  of  interest.  Note  that  we  do  not  develop  an  eddy 
diffusivity  profile;  rather,  we  develop  effective  mean  eddy  diffusivities 
and  the  resultant  injection  coefficients  and  residence  times  between  18  km 
and  the  local  tropopause,  and  compare  these  injection  coefficients  and 
residence  times  to  those  derived  from  published  profiles. 

4 

In  carrying  out  the  effort,  we  first  review  the  data  base,  and  then 
present  an  analytic  model  for  gaseous  diffusion — initially  neglecting  the 
sedimentation,  of  the  fine  aerosols  that  carry  the  radioactivity — using  a 
simplified  model  for  the  eddy  diffusivity  profile.  The  correction  for 
sedimentation  is  made,  and  calculations  carried  out  with  and  without  this 
correction.  Effects  of  uncertainties  in  mean  tropopause  height  are  then 
considered.  Conclusions  relating  to  continuous  rather  than  pulsed  injections 
are  then  drawn.  Finally,  the  results  and  approximations  are  discussed  in  the 
context  of  other  data  that  have  baen  used  to  give  eddy  diffusivitj,  profiles, 
residence  times,  and  injection  coefficients. 

While  this  discussion  deals  with  a 1-D  parameterization  of  atmospheric 
dynamics,  we  do  not  regard  1-D  parameterlzations  as  adequate;  a significant 
motivation  for  this  study  has  been  the  fact  that  eddy-diffusivity  profiles 
based  on  data  collected  at  different  latitudes  show  significant  differences, 
and,  in  the  present  case,  there  is  also  strong  evidence  for  variation  with 
season.  Nevertheless,  because  policy  decisions*  have  used  results  from  1-D 
parameterized  models,  we  consider  it  important  to  review  any  data  which  may 
provide  validation  tests  for  such  models.  In  this  context,  reference  should 
be  made  to  the  work  of  Johnston  et  al.  (1975)  in  which  excess  carbon-14  was 
used  as  a tracer,  also  the  NAS  report  (pp.  146-3 4?);  these  data  and  their 
limitations  are  discussed  in  Section  3* 

C.3  EXPERIMENTAL  DATA 


•S 

I 

i 


C . 3 . 1 Discussion 

The  U.S.  ERDA  "Airstream"  program  has  involved  sampling  radioactive  1 
debris  with  high-flying  aircraft  (RB-57F,  flying  at  15  km  to  20  km  altitudes  | 
along  a flight  path  shown  (for  the  Northern  Hemisphere)  in  Fig.  C-l.  These  | 
flights,  at  regular  intervals,  are  supplemented  by  occasional  balloon  probes,  | 


•See,  e.g.,  Environmental  Impact  Statement — Concorde. 
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1-31-77-2 


FIGURE  C- 


Height  (decameters)  of  the  100-mb  Surface  on  June  17,  1967 
(0000  GMT).  Cross  denotes  location  of  the  Chinese  test 
site,  bold  solid  line  denotes  the  approximate  position  of 
the  Alrstream  sampling  corridor 
Source:  Telegadas,  1974 
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which  are  flown  mainly  from  San  Angelo,  Texas  (32°  N,  101°  W),  and  which  go 
to  higher  altitudes. 

At  the  initiation  of  the  Airstream  program,  indeed  as  part  of  the 
motivation,  it  was  believed  that  East-West  transport  is  fast  relative  to 
North-South  or  vertical  transport,  so  that  the  Airstream  corridor,  which  goes 
along  the  West  Coast  of  North  and  South  America  from  72°  N down  to  50°  S 
(more  recently  10°  S),  provides  an  effective  zonal  average  profile  some  weeks 
after  a detonation  at  the  Chinese  test  site  at  Lop  Nor  (40°  N,  90°  E). 

Partly  as  a result  of  the  program,  we  now  know  that  the  assumption  that  the 
distribution  observed  along  the  American  meridians  some  2 to  16  weeks  after 
the  detonation  is  representative  of  the  average  concentration  of  the  nuclear 
cloud  is  unlikely  to  be  valid  in  all  cases.  This  assumption,  made  by 
Telegadas  in  deriving  an  estimate  of  tne  vertical  distribution  of  radio- 
activity with  height,  introduces  some  uncertainty  in  the  data.  However,  we 
are  concerned  generally  with  later  times  (although  we  do  comment  on  apparent 
early-time  behavior),  and  here. we  concern  ourselves  only  with  a 1-D  para- 
meterization. To  some  extent,  we  are  concerned  with  the  height  distribution 
of  radioactivity  in  the  stratosphere,  but  our  primary  concern  is  with  the 
rate  of  removal  of  radioactive  debris  from  the  stratosphere  on  a global  basis. 
Among  other  parameters  (such  as  altitude,  season,  and  type  of  injection), 
this  removal  rate  will  vary  with  the  latitude  of  injection,  so  that  the  analysis 
that  follows  applies  specifically  only  to  the  latitude  under  study,  i.e.,  lJ0° 
or  generally  midlatitudes. 

C.3.2  Data  Presentation 

The  data  are  described  in  terms  of  altitude/latitude  profiles  presented 
every  3 months  in  terms  of  a stratospheric  burden  of  the  isotope  zirconium-95 
(half-life  6 5 days),  decay-corrected  to  the  time  of  detonation.  The 
integrated  stratospheric  burdens  of  zirconium-95  for  the  various  Chinese  3-Mt 
thermonuclear  explosions  computed  by  Telegadas  (197^,  1976.  are  shown  in 
Pig.  C-2.  (Tabulated  data  are  given  in  Table  C-l).  These  are  the  basic 
experimental  data  analyzed  here. 

Some  representative  altitude  profiles  are  given  in  Fig.  C-3.  Note  that 
according  to  the  data,  the  peak  in  activity  moves  upward  about  2 km  in  the 
16  weeks  following  the  17  June  1967  test  (the  27  June  1973  test  shows  similar 
behavior),  but  downward  about  k km  in  the  same  period  following  the 
1^  October  1970  test  when  compared  to  an  initial  distribution  based  on  a 
composite  of  all  the  Chinese  3-Mt  tests.  This  is  certainly  not  consistent  with 
the  concept  of  diffusive  motion,  but  Implies  that  large-scale  winds  which  show 
time  (seasonal?)  variations  are  significant.  Indeed,  we  see  in  Pig.  C-2,  that 
for  a summer  injection  there  is  no  significant  decrease  in  stratospheric 
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r I G U R E C-2.  Stratcspherl c Zirconium-95 
Burdens  (decay-corrected) 
Following  the  Chinese 
Nuclear  Tests.  Observed 
burdens  are  Indicated  by 
the  short  horizontal 
lines. 

Source:  Telegadas,  1974 


burden  until  midwinter,  while  with 
a winter  injection  of  tracer,  the 
stratospheric  burden  decreases 
steadily . 

It  should  be  noted  that,  in  a 
simple  I-D  diffusive  model,  the 
tropopause  height  is  critical  to  the 
quantitative  interpretation  of  the 
data.  Unfortunately , the  tropo- 
pause height  in  the  region  of 
interest  is  highly  variable,  cer- 
tainly seasonally,  and  at  times  even 
on  a day-to-day  basis ; a rapid 
decrease  with  latitude  (typically 
2-km  decrease  between  40°  N and 
50°  N)  is  usually  evident,  and 
considerable  variation  occurs  with 
longitude,  particularly  over 
Eastern  Asia.  [See,  for  example, 

CIAP  Monograph  1 (1975)  pp.  2-5  to 
2-8;  also  Leifer  et  al.  (1976), 

Pigs.  1-4.]  The  proper  mean  tropo- 
pause height  is  thus  not  easy  to 
establish.  In  the  following  analysis, 
we  make  no  effort  to  establish  a 
seasonally  or  longitudinally 
weighted  mean;  rather,  we  use,  for 
initial  purposes,  a value  (11  km) 
based  on  reported  values  by 
Telegadas  (1974)  at  the  times  and 
places  of  the  tests,  as  3hown  in 
Pig.  C-3,  and  then  examine  the 
sensitivity  of  the  results  to  a 
change  in  this  value  (to  14  km). 

The  value  of  11  km  is  not  inappro- 
priate for  the  December-February 
quarter,  but  is  1/2-  to  1-kiii  low 
for  the  March-May  quarter,  3-  or 
4 -tar,  low  for  the  June-August 
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FIGURE  C-3.  Effective  Vertical  Transport  of  Radioactivity  Estimated  by 
Telegadas  (1974,  from  Figs.  44  and  45).  The  profiles  were 
obtained  by  normalizing  the  total  radioactivity  observed 
during  the  relevant  Airstream  flights  (see  Fig.  C-l  for  the 
Airstream  flight  corridor)  and  smoothing  over'5000-ft 
vertical  intervals.  Note  the  difference  in  behavior 
following  June  and  October  injections. 


quarter,  and  about  3-km  low  for  the  September-November  quarter  (see  e.g., 
Reiter,  et  al.  (1975)  pp.  2-5  to  2-8). 

Note  that  J.P.  Louis  (private  communication,  May  1976),  who  analyzed 
the  1967-1970  data  with  a 2-D  model,  treated  the  effective  latitude  of 
injection  of  the  1967  debris  at  55°  N rather  than  40°  N;  evidently,  the 
cloud  from  that  detonation  was  caught  in  the  Central  Asian  summer  high- 
pressure  cell  and  thus  took  a relatively  long  time  before  it  was  zonally 
spread.  This  is  one  clear  instance  where  the  use  of  zonal  averaging  to  give 
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TABLE  C - 1 . Stratospheric  Inventory  c*  Zirconium-95 
Resulting  from  Cninese  Tests 
SOURCE:  Telegades  1974,  1976 


Date 


Predomi nantly 
Chinese  Debris, 
kilocuries 


17  June  1967  Test  (kilocuries  decay  corrected  to  17  June  1967) 


July  17  - August  8,  1967 
October  7 - November  9,  1967 
January  8 - January  21,  1968 
April  1 - April  7,  1968 
May  30  - June  15,  1968 
September  28  - October  6,  1968 


6,400 

33,500 

36,400 

27,200 

23,000 

18,600 


27  December  1968  Test  (kilocuries  decay  corrected  to  27  December  1968)  c 


February  3 - February  19,  1968 
Apri 1 6 - April  9,  1969 
July  14  - July  29,  1969 


38.500 
27,800 

19.500 


29  September  1969  Test  (kilocuries  decay  corrected  to  29  September  1969)  d 


October  13  - October  17,  1969 
January  5 - January  20,  1970 
May  6 - May  11,  1970 
August  17  - August  22,  1970 


44,700 
45,300 
32,200 
18,800  e 


14  October  1970  Test  (kilocuries  decay  corrected  to  14  October  1970)  f 


November  2 - November  6,  1970 
February  22  - February  27,  1971 
May  22  - May  28,  1971 
July  19  - July  23,  1971 
October  4 - October  6,  1971 


a 

38,400 
29,800 
14,600  9 
1 1 ,800  9 


27  June  1973  Test  (kilocuries  decay  corrected  to  27  June  1973) 


September  5 - September  19,  1973 
October  30  - November  9,  1973 
January  22  - February  2,  1974 
April  12  - April  29,  1974 


33,200 

34,700 

28,300 

19,800 


a.  Due  to  the  synoptic  pattern,  very  little  fresh  debris  was  sampled. 

b.  Lower  limit  due  to  the  French  1968  debris  overwhelming  regions  occupied  by 
the  Chinese  1967  debris. 

c.  Northern  Hemisphere  zirconium-95  stratospheric  background  burden  prior  to 
test,  based  on  September  28  - October  6,  1968  observations,  estimated  as 
170  kilocuries  of  zirconium-95. 

d.  Northern  Hemisphere  zlrconium-95  stratospheric  background  burden  prior  to 
test,  based  on  July  14  - July  29,  1969  observations,  estimated  as  910 
kilocuries  of  z i rcon  ium- 95 . 

e.  Lower  limit  due  to  the  French  1970  debris  overwhelming  regions  occupied 
by  the  Chinese  1969  debris. 

f.  Northern  Hemisphere  zirconium-95  stratospheric  background  burden  prior  to 
test,  based  on  August  17  - August  22,  1970  observations,  estimated  as  400 
kilocuries  of  z i rconium-95 . 

g.  Lower  limit  due  to  the  French  1971  debris  overwhelming  regions  occupied  by 
the  Chinese  1970  debris. 
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a 2-D  model  (not  to  speak  of  1-D  parameterization! ) would  seem  to  be  in- 
adequate, at  least  at  relatively  early  times. 

C . 4 PROCEDURE  AND  DATA  REDUCTION  FOR  TIME-DEPENDENT  DATA 

C.4.1  The  Model 

We  treat  the  stratosphere  as  a region  of  constant  and  relatively  small 
eddy  diffusivity  coefficient  K,  characterized  by  a tropopause  at  height  zQ, 
below  which  transport  is  very  much  faster;  the  eddy  diffusivity  profile  is 


taken  as 


IK,  constant,  in  the  stratosphere,  i.e.,  for  z > z„ 

(1) 

K^,  constant,  in  the  troposphere,  i.e.,  for  z < zQ 

where,  typically,  « 10  K.  This  simple  K-profile  was  used  by  Machta  (197^) 

and  by  Crutzen  (197*0;  it  is  used  here  because  in  this  way  we  can  obtain  an 

analytic  solution  for  transport  in  the  stratosphere.  In  fact,  we  do  nothing 

with  the  tropospheric  portion  of  the  solution  except  when  we  convert  data 

from  pulsed  injections  to  steady-state  loadings  in  Section  C.5,  at  which 

c p 

point  we  take  ■ 10^  cm  /sec  based  on  values  used  by  several  modelers. 

We  also  assume  an  isothermal  stratosphere,  so  that  in  the  region  of 
interest 

-<z— z )/H 

N(z)  - nQe  , (2) 

where  n(z)  * total  particle  number  density  at  height  z,  nQ  » n(z0),  and  the 
"scale  height"  H - kT/Mg  is  taken  as  6.3  km  (corresponding  to  T ■ 216  K). 

In  the  region  from  10  km  to  20  km,  which  is  of  direct  interest  here,  the 
assumption  of  constant  temperature  is  quite  well  satisfied. 
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(3/3z)[n(z)X(z)3f/3z j - n(z)  3f/8t  , (4) 

which,  in  the  stratosphere,  with  hypotheses  (1)  and  (2),  becomes 

32f/3z2  - (l/H)3f/3z  " ( 1/K) 3f/3t  . (5) 

The  problem  is  to  solve  Eq.  (5)  with  the  initial  condition 

f(z,0)»qfi(a~z1),  (6) 

corresponding  to  instantaneous  point  injection  at  height  zn ; in  fact,  the 
initial  injection  is  not  precisely  a delta-function  injection,  so  there  is  a 
slight  time  correction,  as  discussed  in  Section  2.3* 


The  solution  of  Eqs.  (5  and  6)  can  be  shown  (see  Addendum)  to  be 

f ( z , t ) - q(4irKtr1/2  exp  j -(Kt/4)  [ (1/H)  - (z  - z-^/Kt  j 2 j . (7) 

Figure  C-h  shows  the  general  character  of  the  solution.  We  assume  some  kind 
of  a sink  either  in  the  troposphere  (rainout/washcut , or  conceivably,  chemical 
destruction)  or  at  the  ground.  If  either  diffusion  or  disappearance  in  the 
troposphere  is  " T •fficiently  fast,"  the  details  of  f(z,t)  in  the  troposphere 
are  not  importan  . and  thus  we  may  Just  ask  for  the  total  stratospheric 
burden. 


Bstrat(t' 


CO 


n(z).f (z,t)dz  . 


(8) 


Note  that  an  assumption  has  been  mads  here,  in  that  we  have  simply  extended 
the  solution  (7),  which  really  only  applies  to  K(z)  » K (i.e.,  for  z > zQ), 
to  lower  altitudes,  by  ignoring  any  change  in  f(z,t)  due  to  the  different 
behavior  in  the  troposphere.  Or,  stated  alternatively,  the  model  treats  the 
diffusion  process  as  though  it  were  taking  place  in  an  Infinite  atmosphere 
extending  in  both  directions  from  the  point  of  injection,  and  we  compute  the 
burden  above  a given  point  which  represents  the  tropopause.  By  this 
assumption,  the  stratospheric  burden  of  material  of  Eq.  (8)  is  given  by  the 
following  expression: 
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FIGURE  C-4.  Sketch  of  the  Overall  Character  of  the  Solution  for  Injection 
at  zj  ■ 18  km.  We  show  nf,  the  total  number  of  tracer  par- 
ticles per  unit  volume 
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Bstrat(t) 


-(z,  ,/H) 

noqe  X»  U(xQ)  , 


(9a) 


xo  - 1/2 (Kt) 1/2  [ (1/H)  - (z1>c/Kt)]  ; z1>0  - zx  - zo 


(9b) 


t 1/2(1  + erf  x ) for  x < 0 
U(xJ  - ] oo 

1/2(1  - erf  x ) for  xQ  > 0 


(9c) 


The  overall  relationship  between  time  t,  xQ,  and  U(xQ)  is  given  below: 


time  t 


U(xc) 


small 


large, 

negative 


H z,  /K 
— 

0 

0.5 


large 


(Kt)1/2/2H 


1/2(1  - erf  xQ)  + 0 as  t ® 


•jPhe  p^g^ical  meaning  of  Eq.  (9)  is  relatively  clear-cut.  The  quantity 
qnQe  x»°  in  Eq.  (9a)  is  the  total  number  of  molecules  per  unit  area 

injected  at  t * 0 at  z * z^;  xQ  is  a time-dependent  variable,  and  U(xQ)  is  the 
fraction  of  injected  material  that  remains  in  the  stratosphere  after  time  t 
characterized  by  xQ(t).  The  function  U(xQ)  is  shown  in  Fig.  C-5. 

A simple  way  to  determine  K is  to  find  that  time,  t^yg,  at  which  the 
stratospheric  burden  of  injectant  is  half  its  initial  value.  Evidently, 
this  corresponds  to  the  condition 


or 


tl/2  " H2l,o/K  > 


K * Hzl, 0^1/2  • 


(10) 


Note  that,  the  product  K t^y2  is  directly  proportional  to  z^  Q . K values 
are  thus  sensitive  to  the  tropopause  height  selected.  However,  as  will  be 
demonstrated  later,  the  height  of  the  tropopause  also  enters  in  computing  the 
steady-state  loading  of  the  stratosphere  from  an  aircraft  source,  and  thus 
there  is  a compensation  between  uncertainties  in  the  value  of  K and  the  choice 
of  tropopause  height. 
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FIGURE  C-5.  The  Function  U(x0)  Which  Measures  the  Reduction  In  Tracer  i 

Burden  with  Time.  | 
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C.4.2  Initial  Condition 

The  Initial  zirconium-95  profile  shown  in  Fig.  C-3  can  he  fitted  quite 
well  to  a Gaussian  profile: 

f(z,tQ)  - f0e.xp{-(z  - z1)2/a02  ^ , (11) 

with  aQ  » 2.15  km,  which  can  be  reconciled  with  the  initial  conditions  of 
Eq.  (6)  by  the  equivalence 

o2  * 4 Kt  . 

O 0 

h 7 

With  the  typical  mean  value  K « 10  cmVsec,  tQ  ■ 0.44  months,*  which  is  so 
short  compared  to  the  observation  times  shown  in  Fig.  C-2  that  the  assumption 
of  a delta-function  profile  for  f(z,t  - 0) — see  Eq.  (6) — won't  cause  any 
trouble,  only  the  time  of  detonation  must  be  taken  as  t * tQ  rather  than  as 
t * 0 when  presenting  experimental  data. 

*We  define  a month  as  1/12  of  a year  - 2.63  x 10^  sec. 
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C . 4 . 3 Correct for  Sedimentation 


Zirconium-95,  like  most  other  radioactive  isotopes,  is  carried  on 
small  particles  whose  mean  radius  lies  in  the  range  0.02  pm  to  0.15  pm*  (see 
Drevinsky  and  Pecci,  1965;  Telegadas  and  List,  1969).  Wp  assume  that  the 
density  of  the  particles  is  p « 2 g/cm^,  as  did  Telegadas  and  List  (1969). 
Radioactive  isotopes  make  up  only  a small  fraction  of  the  mass  of  aerosols 
associated  with  fallout,  and  a value  p ■■  2.5  g/cm  is  often  assumed  for  them 
(Telegadas,  NOAA,  private  communication).  However,  the  sedimentation 
velocities  we  use  are  calculated  for  smooth  spheres,  which  would  fall  faster 
than  the  irregular  particles  which  are,  in  fact,  produced,  thus  compensating, 
to  some  extent,  for  a possible  underestimate  in  density. 

Particles  of  this  size  and  density  have  a small,  but  not  negligible 
Stokes  velocity  of  sedimentation:  for  p ■ 2 g/cm  , particles  of  radius 

R * 0.1  pm  have  a sedimentation  velocity  v_  ■ 3.6  x 10-^  cm/sec  at  an  altitude 

a 

of  18  km  (see,  e.g.,  Junge,  et  al. , 1961),  which  corresponds  to  a net  settling 
of  about  100  m per  month.  One  way  to  correct  for  sedimentation  is  to  assume 
that  the  mean  injection  height  falls  with  the  effective  sedimentation  speed 
vs.  Thus,  the  effect  injection  height  above  the  tropopause  is 


(t)  - z 


1,0 


I 


(13) 


since  the  sedimentation  speed  depends  on  radius  and  on  ambient  height  (or 
density).  A plot  of  z^(t)  is  given  in  Pig.  C-6,  for  p ■ 2 g/cm^,  R =*  0.1  pm. 

With  this  correction,  we  replace  x0  of  Eq.  (9)  by 

xQ  = -'2  (Kt)1/2  [(1/H)  - (z1>0(t)/Kt)]  , (14) 

and  thus  U(xQ)  by  U(~Q). 


C . 4 . 4 Data  Reduction  to  Find  Effective  K Values 
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C . 4 . 4 . 1 Tropopause  Height  Taken  as  11  km  | 

To  reduce  the  data,  we  normalize  the  tracer  concentrations  shown  in  | 

Pig.  C-2  (see  Table  C-l  for  the  actual  data  used)  to  give:  $ 

4 

a 
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•it  has  been  suggested  (H.S.  Johnston,  private  communication,  1975)  j 

that  the  actual  aerosols  carrying  the  radioactive  tracers  may  be  J 

significantly  larger  than  is  indicated  by  the  existing  sampling  a 

techniques  (cf.,  Drevinsky  and  Pecci,  1965;  Telegadas  and  List,  a 

1969).  Clearly,  this  suggestion  needs  to  be  verified.  | 
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a /.v  m tracer  burden  (corrected  for  decay) 

Aexp^'  maximum  burden  observed  for  the  event  * 

This  quantity  is  shown  in  Pig.  C~7>  where  we  also  show 

■ v(\>> 

for  the  following  set  of  parameters  . 

z^  * 18  km  (height  of  injection), 

z ■ 11  km  (approximate  mean  tropopause  height  at  the  times  of 
the  various  Injections), 

H * 6.30  km  (atmospheric  scale  height  in  the  stratosphere). 

In  Pig.  C-8,  we  compare  Acaic(fc)  and 

ACalc(t)  " U(*o}  * 


(15) 

(16a) 

(16b) 


1 

I 

1 
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which  gives  a plausible  correction  for  sedimentation,  having  been  computed 
for  p ■ 7.0  g./om^,  R ■ 0.1  pm. 


In  Pig.  C-9  we  show  the  time  it  takes  for  a stratospheric  burden  to 
decrease  to  60  percent  of  its  peak  value  following  an  injection,  i.e., 
from  Eqs.  (15)  and  (16), 


0l6  “ Acalc(t0.6,exp)  or  ^calc^O.S.calc5  * (17 

Figure  C-8  shows  tQ  g caic  as  a function  of  eddy  diffusivity  K,  computed 
with  and  without  sedimentation,  and  also  indicates  the  experimental  values 

of  *0.6-* 

Table  C-2  is  an  expansion  of  the  results  of  Fig.  C-9,  which  lists  the 
effective  K-values  needed  to  reproduce  the  observed  values  of  tQ  g,  with  and 
without  sedimentation.  The  following  points  may  be  noted: 

ji  p 

a.  Overall,  values  of  K from  (0.9  to  2.6)  x 10  cm  /sec  encompass 
the  tQ  g data. 

b.  The  effect  of  sedimentation  is  of  comparable  significance  for  all 

4 2 

values  of  K within  the  range  (1.0  to  2.5)  x 10  cm  /sec. 

c.  There  is  seasonal  variation  in  the  data,  with  summer  injection 
resulting  in  slow  fallout  or  small  effective  K-values;  note  also 

the  significant  variation  between  the  June  1967  and  June  1973  values, 
which  Indicates  the  lack  of  detailed  reproducibility  of  the  data. 

TABLE  C-2.  Effective  K-values  {In  104  cm2/sec  - m2/sec) 

from  to, 6 values  for  the  various  Chinese  tests, 
computed  with  and  without  sedimentation. 

Tropopause  height  taken  as  11  km. 


Date  of 

Keff 

Keff 

test 

(without  sedimentation) 

(with  sedimen 

6/67 

1.0 

0.9 

12/68 

2.6 

2.1 

9/69 

1 .4 

* 1.1 

10/70 

1 .4 

1.2 

6/73 

1 .2 

l.l 

>1 
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Figure  C-7.  which  shows  the  time-dependence  of  the  activity  function,  • 
A (t ) , rather  than  the  values  of  tQ  g,  indicates  that  the  present  model  j 
represents  the  data  quite  imperfectly,  and  the  proper  year-round  mean  | 

•3 


aWe  show  to, g rather  than  to. 5 since  we  do  not  have  reliable  experimental  | 

values  for' to  5 because  of  subsequent  (French)  nuclear  explosions.  See  J 

Table  C-l.  i 
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K-values  to  represent  the  results  can  be  debated.  Nevertheless,  for  times 

li  ? 

greater  than  6 months,  the  range  (1.0  to  2.5)  x 10  cmVsec  encompasses  all 
the  data. 

C.4.4.2  Tropopause  Height  Taken  as  14  km 

In  earlier  discussion,  it  was  pointed  out  that  the  tropopause  height 
varies  substantially  during  the  year.  Insofar  as  the  constant  mixing  ratio 
lines  tend  to  parallel  the  tropopause  height  as  a function  of  latitude,  it 
might  be  argued  that  the  initial  cloud  rise  noted  after  the  June  injections 
was  related  to  an  increase  in  tropopause  height,  with  the  distance  to  the 
tropopause  staying  more  or  less  constant.  We  choose,  however,  to  consider 
the  possibility  that  the  mean  "diffusion  distance"  to  be  transited  by  the  debris 
was  considerably  less  than  the  7 km  implied  by  an  13-km  injection  over  an  11-km 
tropopause,  related  to  the  fact  that  mean  annual  tropopause  heights  are 
probably  considerably  above  11  km.  For  this  purpose,  we  now  give,  without 
repeating  the  details,  the  results  which  would  follow  if  the  tropopause 
height  were  taken  as  14  km,  a value  probably  on  the  high  side  as  an  annual 
mean.  The  results  are  given  in  Fig.  C-10,  and  summarized  in  Table  C-3  below. 

TABLE  C-3.  Effective  K-values  (In  10^  cm^/sec  = m^/sec)  from 
to  6 values  for  the  various  Chinese  tests,  com- 
puted with  and  without  sedimentation.  Tropopause 
height  taken  as  14  km. 

Date  of  Keff  Keff 

test  (without  sedimentation)  (with  sedimentation) 


6/67 

0.  5 

0.4 

12/68 

1.1 

0.9 

9/69 

0.7 

0.5 

10/70 

0.7 

0.6 

6/73 

0.  6 

0.5 

With  this  assumption,  effective  K-values  are  found  to  be  about  half  those 

p 

shown  earlier,  with  values  ranging  from  4,000  to  10,000  cm  /sec  covering  the 
data.  As  noted  earlier,  however,  the  diffusional  distance  is  now  considerably 
reduced,  so  that  the  total  resistance  to  downward  transport  is  not  changed  to 
tha  degree  that  K is  changed.  To  evaluate  the  effects,  we  now  consider 
continuous  injections  of  pollutants,  using  the  diffusion  coefficients  now 
developed. 
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FIGURE  C- 10.  line  for  Stratospheric  Tracer  Burden  to  Decrease  to  60  Percent  of  the 
Peak  Value,  t0  6,  Computed  With  and  Without  Sedimentation,  Shown  as  a 
Function  of  Eddy  Diffusivlty  Kz.  The  corresponding  decay  times  calcu 
lated  from  the  various  nuclear  explosions  are  also  shown.  Tropopause 
height  taken  as  14  km. 
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C.5  EXTENSION  TO  CONTINUOUS  INJECTIONS  AND  COMPARISON  TO  OTHER  DATA 

C.5.1  Prooedures  to  Find  Residence  Times  and  Inje'ctlon  Coefficients  for 
Continuous  Injection 

Given  the  effective  stratospheric  K-valuas  deduced  from  the  preceding 
analysis  of  the  zirconium-95  data,  it  is  possible  to  compute  atmospheric 
residence  times  and  injection  coefficients  for  continuous  injection  of  tracers 
(injected  at  18-krn  altitude  and  40°  N latitude)  by  using  the  model  for  a K- 
profile  as  defined  in  Eq.  (1). 

For  a model  of  continuous  injection,  we  define  the  residence  time 

T (z)  as  follows: 
c 

i. j m /_•>  _ burden  of  tracer  in  atmosphere,  B(z) 

Residence  time  TQ(z)  - — flu-y  0?  'tracer,  KIT  * (l8) 

This  is  computed  as  follows.  If  the  mixing  ratio  of  the  tracer  is  f(z,t) 
and  the  total  particle  density  at  height  z is  nsz),  then  for  injection  at 
height  z^,  the  diffusion  equation  satisfied  by  f(z,t)  is 


( 3/3z  / , Kn3f/3z  + v nf)  * n3f/3t  + Q6(z  - z^ ) . 

In  a steady-state  situation  (such  as  would  correspond  to  continuous 
injection),  we  have 

3f/3t  ■>  0,  i.e.,  f * f(z)  only, 

and  thus  Eq.  (19)  can  be  integrated  once  with  respect  to  z to  give 

Kn3f/3z  + vnf  * A for  z < z,  (a) 

5 JL 

Kn3f/3z  + v nf  “ A + Q for  z > z.  (b) 

S 1 


(19) 


(20) 


(21) 


cf.,  Junge,  et  al.  (1961),  Hunten  (1975)-  Here  A and  Q are  constants  (i.e., 
independent  of  z);  for  the  case  of  precipitation-scavengeable  tracer,  which 
is  inert  in  the  stratosphere,  Q ■ F(z).  The  function  f(z)/A  for  z < z^  is 
the  "injection  coefficient"  of  McElroy,  et  al.  (1974). 


B(z1)  “ BL(z1)  + Bq(z1) 


(a) 


w - / n(z)f (z)dz 
0 

00 

Bq(Zi ) - J n(z)f (z)dz 


(b) 


(c) 


(22) 
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There  are  some  questions  about  boundary  conditions  which  are  discussed 
elsewhere  (Appendix  D);  typically,  one  may  ae  ume  a perfect  sink  at  the 
' ground,  z ■ 0,  so  that  f(0)  ■ 0,  and  there  is  also  a question  about  the  constant 
of  integration  A;  the  simplest  thing  to  assume  is  that  there  is  no  net  flux 
above  the  point  of  injection,  so  that  A * -Q. 


For  the  simple  two-step  profile  used  here,  assuming  an  isothermal 
stratosphere  vith  constant  eddy  diffusivity,  and  a constant  but  numerically 
different  value  in  the  troposphere,  and  for  a gas  (no  sedimentation), 
analytical  expressions  for  the  Injection  coefficient  and  residence  time  can 
be  developed,  as  follows: 

injection  coefficient  a,  for  z^  > •/  * f (z1  )/A, 


a 


z )/H 
o ' 


K<n 
t o 


fx- 


-V“t 


% 


(23) 


and  residence  time,  tR,  for  z1  > z , 


” v ” O + 


h.  r ( ~zjk\ 

4[zo-Ht{l-e  *)  • 


(24) 


For  aerosols,  the  treatment  is  more  complex  (see  Appendix  D).  Here, 
however,  we  confine  the  discussion  to  gaseous  injections,  which  are  of 
greatest  Interest. 

Given  these  formulae,  we  can  compute  injection  coefficients  and  residence 
times  for  various  values  of  the  spatial  mean  eddy  diffusivity  coefficient 
(between  18  km  and  the  tropopause)  as  derived  from  the  experimental  data.  We 
can  also  compare  the  values  to  injection  coefficients  and  residence  times 
computed  for  published  profiles,  as  described  lr.  Appendix  D.  Before  doing  so, 
however,  some  discussion  of  the  appropriate  mean  on  a time-weighted  basis  is 
necessary . 

Let  us  reexamine  how  material  leaves  the  stratosphere.  From  Fig.  C-2, 
it  appears  that  material  Injected  in  summer  does  not-  leave  at  all  until  the 
following  winter,  so  that  in  some  sense,  the  eddy  diffusivity  during  the 
summer  months  can  be  argued  to  be  effectively  zero  (although,  of  course,  .. 
material  Injected  in  summer  does  leave  eventually,  with  K-values,  based  on 
tQ  6 values,  of  order  10,000  cmVsec,  assuming  an  11-km  tropopause,  or  of 
order  4,000  cmVsec,  assuming  a l4-km  tropopause). 
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It  is  not  obvious  how  to  weight  these  various  data  properly,  but  one  can 

put  some  bounds  on  the  average  behavior  by  simply  averaging  summer  and  winter 

o 

values.  Assuming  an  11-km  tropopause,  K-values  of  between  0 and  10,000  cm  / 

sec  might  be  used  for  summer  injection;  for  winter  injection,  values  of 
2 

20,000  to  25,000  cm  /sec  3eem  reasonable-  The  corresponding  values,  with  a 

2 

l4-km  tropopause  assumption,  are  4,000  and  10,000  cm  /sec.  The  simplest 
possible  assumption  seems  to  be  that  the  atmosphere  is  characterized  by  winter 
behavior  and  summer  behavior  for  equal  periods;  time-averaged  K-values  with 
the  11-km  assumption  would  thus  be  in  the  range  of  10,000  (i.e.,  — — ^ 

to  17,500  (i.e.,  10-*-9.00— g 2£j.-00P^  em2/seo;  for  the  l4-km  assumption  the  values 
would  be  in  the  range  of  4,000  to  7,000  cm^/sec.  We  now  use  this  range  of 
values  to  estimate  injection  coefficients  and  residence  times,  and  compare  the 
results  to  values  generated  for  published  profiles  (Appendix  D). 

To  compute  injection  coefficients  and  mean  residence  times,  we  use  Eqs. 
(23/24)  with  the  following  numerical  values: 

H * 6.3  km  (T  * 216  K in  the  stratosphere) 

Ht  * 7.3  km  (T  “ 250  K in  the  troposphere) 

* 7.585  x 101®  mol/cm^  (at  11  km,  U.S.  1962  Standard  Atmosphere) 

O *i  Q 2 

or  4.738  x 10  mol/cm  (at  14  km;  same  source) 
zQ  * 11  km  or  14  km  (mean  tropopause  height) 
z^  ■ 18  km  (effective  injection  height) 

r.  p 

Kt  ■ 10^  cm  /sec  for  the  troposphere 
With  these  constants.,  the  equations  become  simply 


‘11 


■3— 6 925 _X  .10. . + 7t4g  x 10"15  (cm2-sec) 


‘11 


l:l±2Jl  x.  I?...13.  + 1.314  x 10“18  (cra^-see ) 


“14 


18 


14 


tRll  * — °—  +0.12  (years) 


tH!4  - 7>9K14~~"  + 0l19  (year3) 
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C.5.2  Results  and  Comparison  to  Other  Data 

Injection  coefficients  developed  by  these  procedures  are  compared  to 

those  computed  for  a variety  of  K prof i lei*  from  the  literature  (see  Appendix  D) 

z 

are  given  in  Table  C-4. 

TABLE  C-4 . Comparison  of  results  from  different 
models  for  18-km  injection 


Source 

IQ'17  cm2-stc 

K - 

zr_ 

This  analysis 

Kj,  ■ 1 x 10^  (11-km  tropopause) 

1.8 

1.5 

• 1.75  x ie*  (11-km  tropopause) 

1.0 

0.95 

Kz  « 5 x 103  (14-km  tropopause) 

2.4 

1.8 

Kz  ■ 7 x 103  (14-km  tropopause) 

1.7 

1.3 

Chang/1974  (18  km) 

1.7 

1.4 

Chang/1976  (18  km) 

1.8 

1.6 

Hunten/1 974  (18  km) 

4.6 

3.6 

Hunten/1974  (+  ?)  (18  km,  latitude  adjusted 
to  20  km) 

7.1 

4.6 

Crutzen/1 974  (18  km) 

1.8 

1.7 

Crutzen- !saksen/l 975  (18  km) 

1.9 

1.7 

Wofsy/1 975  (18  km) 

3.2 

2.6 

Note  that  the  large  uncertainty  in  Kz  introduced  by  changes  in  assumed 
tropopause  height  have  relatively  little  impact  when  converted  to  injection 
coefficients  or  residem-.e  times. 

These  results  may  also  be  compared  with  the  analysis  of  HTO  (T"Tritium) 
data  by  Mason  and  03tlund  (1976),  who  estimate  a characteristic  time  of  two 
years  for  removal  (e-folding)  of  water  vapor  deposited  in  the  lower 

ii 

stratosphere,  and  K-values  of  order  (2  to  3)  x 10  cm/sec. 

Note  also  that  ozone  depletion  estimates  by  the  NAS  correlation  procedure 
(NAS  report,  p.  119)  are  dependent  on  a and  not  on  residence  time.  It  is 
evident  why  the  NAS  procedure  gives  much  larger  ozone  depletions  than  does  the 
Chang  model,  for  example.  Large  values  of  a derive  from  small  values  of  Kz 
near  the  tropopause. 

Note  also  that  this  analysis  applies  to  restricted  conditions  of 
injections  at  18  1cm  and  40°  N.  The  comparison  to  published  profiles  involves 
only  a comparison  of  integrated  resistance  to  downward  transport  from  18  km 
to  the  ground;  it  says  nothing  about  the  shapes  of  the  profiles. 
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These  data  suggest  that  the  Chang/1974  and  Crutzen  profiles,  at  least  in 
terms  of  their  integrated  transport  characteristics  from  18  km  to  the  tropopause, 
may  be  the  most  appropriate  for  use  for  flight  near  40°  N.  These  results  are 
thus  in  disagreement  with  the  results  of  Johnston  et  al.,  presented  at  the  4th 
CIAP  Conference,  February  4-7,  1975,  who  analyzed  data  on  excess  carbon-14  and 
found  the  Hunten  profile  to  be  the  most  appropriate. 

C.'S  SOME  FURTHER  COMMENTS 

The  preceding  analysis  uses  only  the  radioactive  aerosol  data.  We  did 
apply  the  same  mathematical  technique  also  to  the  excess  carbon-'l4  (actually 
C1  o2)  data  from  the  1961-62  Soviet  nuclear  test  series,  but  have  not  reported 
on  that  work  for  the  following  principal  reasons; 

a.  There  are  anomalies  in  the  overall  carbon-14  budget,  possibly  due 

to  lack  of  adequate  sampling  at  sufficiently  high  altitudes  (see  main  text. 
Section  3.2.10a). 

b.  We  do  not  know  the  effective  height  of  carbon-14  injected  by  the 
Soviet  tests,  which  produced  the  bulk  of  the  excess  carbon-14,  but  the 
tests  used  were  much  larger  than  the  Chinese  tests  (one  rated  at  57  Mt) 

< nd  presumably  put  debris  much  higher  than  the  18-km  region  of  maximum 
interest. 

c.  Tracers  injected,  at  75°  N,  as  from  the  Soviet  tests,  seem  less 
relevant  to  the  aircraft  question  than  are  tracers  deposited  in  mid- 
latitudes.  Excess  carbon-14  from  the  Chinese  tests  is  so  small  in  quantity 
that  it  apparently  can  not  be  adequately  monitored. 

l4 

d.  While  C 02  is  not  subject  to  sedimentation  as  are  aerosols,  it  is 

only  weakly  scavenged  in  the  troposphere  and  thus  the  majority  of  the 
14 

excess  C 02  is  undoubtedly  recycled  into  the  stratosphere,.  This  effect 
can  he  taken  into  account  (cf,  e.g.,  Johnston  et  al.  (1975),  but  it  does 
introduce  an  additional  uncertainty. 

It  should  also  be  noted  that  there  may  be  conceptual  differences  between 
the  approach  used  here  and  that  of  Johnston  et  al.  (1975).  Here  we  consider 
the  source  to  be  in  a given  latitude,  and  the  entire  global  troposphere  to 
be  the  sink.  Johnston  et  al.  (1975),  on  the  other  hand,  by  correcting  for 
"leakage"  to  the  southern  hemisphere,  appear  to  be  considering  a globally 
distributed  source  with  more  nearly  true  one-dimensional  transport  to  the 
troposphere. 

The  present  data,  like  all  the  Individual  sets  of  available  data 
[e.g.,  carbon-14,  tritium  oxide,  tungsten-185,  rhodium-102,  cadmium-109,  and 
plutonium-238  (from  Snap  reentry),  midlatitude  methane  profiles,  meteorological 
data,  etc.]  all  Involve  numerous  uncertainties,  and  we  do  not  regard  any  single 
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set  of  data  aa  being  conclusive.  Nevertheless,  w a hope  to  reexamine  the 
carbci-l't  data  with  a modification  of  the  present  formalism  to  attempt  to 
bound  the  overall  transport  coefficients  predicted  by  this  tracer. 
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SOLUTION  OF  A ONE-DIMENSIONAL  DIFFUSION  EQUATION 


W.  Wasylkiwskyj 


ADDENDUM  - APPENDIX  C 


n(r)  “ n(o)e~z/,f*  , _ » < z < °°  . 


K = constant  . 


(E. 2.1) 


The  problem  is  to  solve  Eq.  (E-l)  for  f(z,t)  when  f(z,o)  Is  prescribed. 

Since  n(z)  is  an  exponential,  differentiation  transforms  Eq.  (E.2.1)  into 
an  equivalent  problem. 


'i2f  1 Df  1 3f 

” H 3z  K cTt 


(E.2.2) 


Equation  (E.2.2)  can  be  solved  by  Fourier  transform.  Thus,  let 

no 

f(B.t)  “ J ei5zFU,t)de  , 


(E.2.3) 


whs  re  F(C,t)  depends  on  time,  but  not  on  z.  Inserting  Eq.  (E.2.3)  in  Eq. 
(E.2.2)  yields 


\ 


dF( 

dt 


t^'  " - KP(5,t)  , 


and  one  finds 


F(£»t)  “ gU)c 


-Kt 


[£2  * H] 


(E.2.H) 


(E.2.5) 


where  g(E)  is  the  Fourier  transform  with  respect  to  z of  the  initial 
distribution  f(z,c): 


lit 

I 
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After  combining  Eq.  (E.2.6)  with  Eq.  (E.2.5)  and  substituting  in  (3),  one 
obtains 


J dz^fCz1, 


- z1)  , [k 


The  integral  with  respect  to  g is  essentially  the  Fourier  transform  of  a j 
gaussian  error  function.  The  Integration  can  be  carried  out  by  the  usual  J 
technique  of  completing  the  square  in  5 of  the  argument  of  the  exponent.  ^ 
Thus  one  finds  | 


After  replacing  the  argument  of  the  exponent  in  Eq.  (E.2-3)  by  the  preceding  i 

equivalent  algebraic  expression,  ons  obtains  f 


J 


r 


i fi  » _ i 

Putting  F,  + £ h “ — k r~  I “ x in  the  lasv'  integral,  one  utalr.s 

0» 


*■  ■ U ■ 


Consequently  Eq . (E - 2.8)  may  be  written  as  the  single  integral 


r(z, t) 


yfWKt 


o>  Ktfl  z - z3]2 

/ fCz1,  o)e'  "HH  " j dz1  . 


(E. 2.9) 


Equation  (E.2.9)  is  the  complete  solution  of  Eq.  (E.2.1)  for  any  prescribed 
initial  distribution  fCz^.o).  In  particular,  if 


f(z,o)  ■ q-5  (z  - z, ) , 


i.e.,  f(z,o)  Is  a Dirac  delta-function  with  area  weighting  q,  Eq.  (E.2.9) 
yields 


f(z,t)  «=  - e 

^TirKt 


KtTl  z - z*l2 

T[fl  5ct  j 


(E.2.10) 


'Jj 

* 

4 

i 


For  related  work,  see,  e.g.,  Martin  (1976), 
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APPENDIX  D 


COMPUTATIONS  OP  INJECTION  COEFFICIENTS  AND 
RESIDENCE  ITEMS  FOR  1-D  MODELS 

D . 1 INTRODUCTION  AND  SUMMARY 

In  numerous  upper  atmospheric  problems,  one  is  concerned  with  the  inter- 
action of  radiative,  dynamic,  and  chemical  factors.  Because  of  the  complexi- 
ties involved,  it  is  often  desirable  to  simplify  dynamics  to  the  utmost, 
through  use  of  a one-dimensional  (1-D)  model,  in  which  all  the  mechanisms  by 
which  materials  are  moved  upward  or  downward  in  the  real  atmosphere  are 

parameterized,  as  a function  of  altitude,  by  an  eddy  diffusivity  or  K_ 

z 

coefficient.  Typical  profiles  are  shown  in  Pigs.  D-l  and  D-2. 

The  eddy  diffusivity  profile  selected  has  certain  implications  with 
regard  to  stratospheric  sources  of  pollutants.  In  particular,  if  one  assumes 
a sink  (or  sinks)  for  the  pollutant,  one  can  calculate  a corresponding 
"residence  time,"  defined  here  as  the  ratio  of  burden/flux  at  steady  state, 
for  each  altitude  of  injection.  ThiB  burden  may  be  of  interest  in  estimating 
climatic  effects,  for  example.  Or  as  used  in  the  National  Academy  of 
Sciences  (MAS)  report  (pp.  116,  142),  for  gases,  one  can  calculate  an 
injection  coefficient,  assuming  no  sink  above  the  point  of  injection,  which 
gives  the  augmentation  in  mixing  ratio  above  the  aircraft  source  altitude. 
This  augmented  mixing  ratio,  by  correlation  with  detailed  chemical  kinetics 
runs,  can  be  used  to  estimate,  for  example,  effects  of  N0x  on  ozone  for 
various  cases,  greatly  simplifying  the  computational  problem.  Here  we 
develop  injection  coefficients  for  gases,  and  residence  times  for  both  gases 
and  particles,  for  various  Kz  profiles  of  interest. 

D. 2 PROBLEM  DEFINITION 

Specifically,  we  address  the  following  problem.  Given  a profile  of  the 
eddy  diffusion  coefficient,  Kfz),  as  a function  of  height  z,  and  also  a 
profile  for  the  Stokes  flow  sedimentation  velocity  u(a,z)  for  aerosols  of 
radius  a (and  specified  density — actually  we  take  p = 2 /cm^),  to  compute  the 
mean  atmospheric  residence  time  for  a (gaseous  or  particulate,  but  chemically 
inert)  tracer  injected  into  the  atmosphere  at  height  z^  and  extracted 
essentially  at  ground  level,  zQ  * 0. 
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FIGURE  D-l.  Three  Eddy  Dlffuslvlty  Profiles  used  During  CIAP  in  1974 
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This  Is  a very  simple  problem,  as  long  as  one  limits  consideration  to 
the  height  range  zQ  < z < z^,  but.  In  fact,  some  of  the  Injected  material 
always  diffuses  above  the  point  of  Injection,  and  now  wo  ask  what  happens  In 
a steady-state  situation.  Here  we  make  three  different  assumptions: 

Case  (1):  Following  Hunten  (1975),  one  may  assume  that  the  tracer 

simply  fills  up  the  region  above  the  point  of  Injection  at  constant 
mixing  ratios.  This  is  satisfactory  for  gases,  but  not  for  aerosols, 
for  which  sedimentation  opposes  the  effect  of  diffus 'on  above  the 
point  of  injection,  and  thus  we  make  a different  assumption: 

Case  (11):  One  assumes  that  the  mixing  ratio  vanishes  at  some 

large  height  z2  because  there  is,  in  fact,  an  additional  sink  there  * 

Case  (iii):  One  assumes  no  net  flux  above  the  point  of  injection. 

This  is  a reasonable  model  for  tracers  for  which  there  is  no  high- 
altitude  sink;  in  fact,  it  provides  a generalization  to  case  (i) 
for  the  case  of  aerosols.  We  emphasize  this  case,  and  present 
tables  of  results. 


Here  we  address  these  problems  quantitatively,  starting  with  various  K„ 

z 

profiles  (see  Figs.  D-l  and  D-2),  and  with  profiles  of  sedimentation  velocity 
u(a,z)  due  to  Junge  et  al . (1961),  we  compute  injoction  coefficients  and 
residence  times  (see  Fig.  D-3). 

The  injection  coefficient  for  gases,  a,  follows  that  of  McElroy  et  al. 
(1971*) , and  of  the  NAS  report  (1975),  p.  116: 


injection  coefficient 


a (cm  -sec) 


mixing  ratio  at  or  above 
■ height  of  injection.  X 
injection  rate,  Q 

(mol/ cm  -sec) 


(1) 


which  relates  the  augmented  mixing  ratio  X,  which  is  taken  to  be  constant 
at  or  above  the  point  of  injection,  to  the  injection  rate  Q.  However,  for 
the  case  of  aerosols  which  are  subject  to  sedimentation,  the  mixing  ratio  is 
not  constant  above  the  altitude  of  injection,  and  thus  we  work  with  a 
modification  of  this  concept. 


•Physical  interpretations  of  this  high-altitude  sink  include  the  fol- 
lowing: (a)  There  is  actually  a photochemical  sink  at  high  altitude, 

which  exists  for  many  tracers  (e.g.,  N?0„  CH^,  halooarbons) . (b)  If 

«2  is  sufficiently  large,  the  effect  of  this  upper  boundary  condition 
!.  is,  in  fact,  negligible  for  heights  below  z,,  say,  because  a 

negligible  quantity  of  tracer  actually  gets^to  high  altitudes,  either 
; on  account  of  the  falloff  of  total  density  with  height,  or  indeed 

{ because  of  sedimentation.  Note  also  that  sulfuric  acid  aerosols  may 

( evaporate  at  middle  stratospheric  altitudes  (ca.  30  km),  as  shown  by 

!>  Hamlll,  et  al.  (1976);  this  evaporation  is  not  a true  sink,  however, 

;j  as  the  sulfuric  acid  vapor  must  eventually,  in  a 1-D  global  model, 

: diffuse  downward  and  be  removed  in  the  troposphere. 
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FIGURE  D- 3 . Sedimentation  Velocity  for  Spheres  of  Density  2 gm/cm3 
Source:  Junge,  et  al.  (1961) 

We  define  a mean  residence  time  as 


burden  in  atmosphere,  B(z, ) 

residence  time  of  tracer  at  heignt  z,  = s— r — (2) 

° 1 flux  of  tracer  • ' ' 


Some  auxiliary  definitions  that  are  used  here  are  the  following: 

Burden  * burden  below  point  of  injection,  BT(zn) 

+ burden  above  the  point  of  injection,  Bq(z^) 

Flux  of  tracer  below  point  of  injection  - A 
(units:  particles  (area  x time) 

Flux  of  tracer  going  above  z^ 

Flux  of  tracer  going  below  z1  “ Q^zl^ 

where,  of  course,  0 - 0 for  cases  (i)  and  (iii)  by  definition." 


"The  quantity  G gives  a measure  of  the  importance  of  the  upper  boundary 
condition,  in  particular  of  the  upper  sink.  The  quantity  Q of  Eq.  (1) 
is  given  by  A (1  + G). 


(3) 


(a) 

(b) 
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The  present  calculations  are  done  numerically,  using  a computer  program 
which  Is  described  briefly  In  Addendum  1.  However,  a particularly  simple 
case  can  be  done  analytically.  Thus,  In  Addendum  2,  we  treat  an  Isothermal 
atmosphere  for  which  the  air  molecule  number  density  at  height  z,  n(z).  Is 
given  by  the  formula 

n(z)  ■ n0  e ' ; H = kT/Mg  - constant  m 7 km, 
and  we  also  assume 

K(z)  « constant,  Independent  of  z (a) 

u(a,z)  « u(a),  l.e..  Independent  of  z . lb) 

Pigs.  D-l,  D-2,  and  D-3  show  that,  in  particular,  the  assumptions  (Ca,b) 
are  not  correct,  but  this  analytical  model  may  be  useful  for  qualitative  and 
diagnostic  discussions. 

The  mathematics  used  is  outlined  In  Section  D.3,  and  the  results  are 
presented  in  Section  D.4. 

D.3  THE  MATHEMATICAL  PROBLEM 

D . 3 . 1 Introduction 

In  this  analysis,  the  mixing  ratio  f ■ f(z)  is  used  as  primary  variable; 
thus,  at  altitude  z,  where  the  total  number  density  is  n(z),  the  number 
density  of  tracer  species  is  f(z)  n(z).  For  a source  of  strength  Q at  z » z^, 
the  diffusion  equation  satisfied  by  f(z)  in  a 1-D  situation  is 

(3/3 z)  (Kn  3f/3z  + u n f)  ■ n 3f/3t  + Q 6(z  - a1 ) . (7) 

In  a steady-state  situation,  3/3t.  = 0,  and  thus  the  diffusion  Eq.  (7) 
can  be  integrated  once  with  respect  to  z to  give 

K n df'/dz  + u n f « A for  z < z^  ^ (8a) 

K n df/dz  +unf»(A+Q)  for  z > z ^ j (8b) 

Cf.  Hunten  (1975a);  Junge  et  al.  (1961);  A and  Q are  constants,  independent 
of  z. 

At  the  ground  there  is  a "perfect  sink,"  defined  as 

f(z  “ z0  ■ 0)  * 0 . (9)  ■ 

We  now  wish  to  integrate  Eq.  (8)  for  zQ  < z •<  z, , using  Eq.  (9)  as 
lower  boundary  condition: 


(H) 


(6) 
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y(z) 


/ 


(u/K)  dz* 


(a) 


(10) 


fL(z)  - e"y<'z)  J (A/Kn)  ey(z,)dz*  . 


For  the  region  z > we  have  a certain  ambiguity,  as  was  pointed  out 
in  Section  D.l.  For  a gas,  we  may  simply  consider  case  (i),  i.e.,  following 
Hunten  (1975),  wo  say: 

Case  (1),  Constant  Augmentation  In  Mixing  Rat<o  Above  the  A] tltude  of  Injection 
In  this  case: 

f(z  > zx)  - f(?1)  (11) 

which  in  this  moael  would  apply  to  a gas  with  no  sink  above  the  injection 
altitude . 

This  is  clearly  not  satisfactory  for  an  aerosol,  for  which  sedimentation 
tends  to  reduce  the  mixing  ratio  above  the  point  of  injection.  Here,  then, 
we  consider  two  further  possible  cases,  (ii)  and  (iii). 

Case  (ii).  The  "Upper  Sink"  at  z ■ z,. 

Here  we  consider  that  there  exists  a 

z2  > z1  such  that  f(i?2)  ■ 0;  f(z^  < z < z2)  »■  fQ(z)  . (12) 

To  evaluate  fQ(z),  we  must  integrate  Eq.  (8b)  with  the  boundary 
condition 


f0(z2)  - 0 . (12) 

The  solution  is  still  undetermined  by  an  arbitrary  scale  factor,  which 
is  set  by  the  condition  that  f(z)  must  be  continuous  at  z ■ z^,  so  that 

fa(zi)  " W * (13) 

o 

In  Fig.  D-*t  we  show  examples  of  a(»  f^/A,  where  A * 1 particle/cm  -sec) , 
of  fL  and  fQ  for  gases  (i.e.,  no  sedimentation)  for  Kc;  we  also  show  fg  for 
the  cases  z^  - 20  km  and  z 1 - 40  km;  for  different  values  of  z^,  one  simply 
multiplies  the  ff,  curve  by  a different  scale  factor  0(z)  to  satisfy  condition 
(13)  at  a different  value  ox-  z^.  The  function  fg(z)  is  given  by  the 
following  expression: 


(14a) 


fQ(z)  - G(Zl)  [fL(z2)  - fL(z)] 

G(Zl)  - fL(zL)  / [fL(z2)  - fL(Z;L)]  , (14b) 

unless  A + Q ■ 0,  which  corresponds  to  case  (ill).* 

The  scaling  factor  g(z)  of  Eqs . (4b)  and  (14)  is  shown  in  Pig.  D-5  for 
a gas,  for  K - and  Kq,  and  In  Pig.  D-6  we  show  G( ?,)  for  KH  for  both  gases 
and  particles,  parameterized  also  with  z2,  and  assuming  a sink  at  55  km. 

We  see  that  for  injection  of  gases  at.  e 20  km  the  magnitude  of  the  upward- 
going  flux  may  be  as  large  as  10  percent  of  that  of  the  downward-going  flux, 
but,  for  aerosols,  the  effocc  ia,  of  course,  smaller,  iri  that  sedimentation 
permits  less  material  to  travel  upward.  Note  that  the  figures  for  f^  and 
for  0(z)  have  discontinuities  in  slope  at  the  same  point  as  the  eddy 
diffusivity  profiles  of  Pigs.  D-l  and  D-2 . 

For  case  (li),  the  residence  time  defined  in  Eq.  (2)  is 

t(zx)  - [bl(zx)  + Ba(zx)  ] / [l  + a(z1)J  , (15) 

where  B^'z.^)  and  Ba(Zl)  are  defined  in  Eq.  (3)  a",  respectively,  the  burden 
of  injectant  below  and  above  the  point  of  injection,  z^,  while  G(z^)  13 
defined  in  Eq.  (4)  as  the  ratio  of  flux  going  upward  from  the  point  of 
injection  to  the  flux  going  downward.  Calculations  have  been  made  for  an 
upper  sink  at  z2  ■ 55  km  and  75  km.  In  Pig.  D-7,  we  show  T(z^)  for  a gas, 
comparing  case  (i)  (constant  mixing  ratio  above  the  point  of  injection)  with 
case  (11)  for  z2  ■ 55  km  and  75  km. 

Above  30  km  to  35  km  the  residence  time  computed  for  case  (li)  actually 
decreases  with  increasing  altitude;  this  occurs  because  of  the  upper  rink 
at  z ■ z2>  xn  other  words,  at  sufficiently  high  altitude,  materiel  flows 
upward  to  be  lost  rather  than  downward.  Depending  on  the  actual  properties 
of  the  tracer  which  is  studied,  this  may  be  physically  meaningful,  or  it  may 
be  an  indication  that  the  model  is  not  appropriate  for  the  particular 
injectant  under  consideration.  Note  that  the  effect  of  the  "upper  sink"  at 
z2  ■ 55  km  shows  as  low  as  z^  * 20  km,  where  PCz^)  ■ 0.06.  It  is  thus  clear 
that  the  effect  of  the  upper  boundary  conditions  persists  to  relatively  low 
altitudes.  Accordingly,  we  also  consider  case  (iii),  which  is  a different 
way  to  Ireat  the  upper  boundary  condition,  and  which  will  be  more  appropriate 
for  some  tracers  (e.g.,  aerosols). 

•Recall  that  fr(z)  is  not  a solution  of  Eq,  (8b)  in  the  range  z.  < z 
if  A + Q - 0. 
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Case  (11):  Scaling  factor  G(z.)  for  K - Kc  and  K„  for 

gases,  z2  ■ 55  km  1 L M 


6.  Case  (II):  The  scaling  factor  G(z i ) , which  gives  the  ratio 

of  flux  going  above  the  point  of  Injection,  zi,  to  the  flux 
going  below  the  point  of  Injection,  for  K * K„,  gases  and 
aerosols,  z2  - 55  and  75  km.  H 
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Let  us  return  to  Eq . (8);  Kn  df/dz  + unf  = net  flux.  Since  now  there  , 

is  no  net  flux  above  the  point  of  injection,  we  have  | 


A - -Q  , (16)?  ; | 

so  that  above  the  point  of  injection,  f(z)  * fy(z),  which  satisfies  the  > 1 

following  equation:  I 


(18a) 


}} 


fu(z) 


f(21) 


-r.  ( z ) 


z 

/ 


n(z)  * / (u/K)dz ' 

a-, 


y(z)  - y(a. ) 


Note  that  for  the  case  of  a gas,  u = 0 =»  y(z)  and  n(z), 
reduces  to  case  (i). 


(18b) 

and  thus  case  (ill) 


In  Figs.  D-8  and  D-9  we  show  residence  tlrr.es  for  gases  and  aerosols  for 
K Kc  and  K * K^. 

D . 3 . 2 Computed  Results 

Detailed  data  are  given  in  Tables  D-l  through  D-3.  The  atmospheric 
properties  and  settling  velocities  u(a,z)  used  are  shown  in  Table  D-l.  Two 
particle  sizes,  0.1  pir  and  0.3  um  radius  are  shown;  these  are  considered  to 
be  of  the  greatest  interest  to  the  problems  at  hand,  as  0.1  pm  particles  are 
typical  of  sulfate  aerosols  (Hidalgo,  CIAP  Report  of  Findings,  1974, 
p.  E-135). 


The  following  K_  cases  are  given,  with  sources  as  follows: 
z 


K 

z 

Chang/1974* 
Chang/1 9 7b* 

C.  utzen 
Hunten 
McElrcy 
Wofsy 

Crutzen-Isaksen 


Source 

CIAP  Report  of  Findings,  p.  19 
Private  communication,  1976 
Crutzen,  1974** 

CIAP  Report  of  Findings,  p.  19 
McElroy , 1974 
Wofsy,  1975 

Lawrence  Livermore  Laboratory, 
private  communication,  1976 


Sometimes  referred  to  as  "Old  Chang"  and  "New  Chang",  respectively, 

We  have  assigned  a tropospause  at  11  km  to  the  Crutzen  (1974)  K 
representation.  z 


The  tabulated  results  agree  reasonably  well  with  those  tabulated  (for 
Chans/1974  and  Hunten)  in  the  CIAP  Report  of  Findings  (p.25).  However, 
increasing  discrepancies,  the  source  of  which  is  unclear,  appear  above 
about  25  km  in  the  Cnang/1974  case.  Also,  the  injection  coefficients  in 
the  Hunten  case  do  not  match  precisely  those  given  by  formula  in  the  N,A3 
report  (pp.  117-118).  One  source  of  discrepancy  may  be  that  che  term 
"Hunten  Y.z ' profile  involves  some  ambiguity,  the  data  on  p.  116  of  the  NAS 
report  differ  somewhat  from  the  plot  (p.  142,  NAS  report)  and  from  that 
attributed  to  Hunten  in  the  CIAP  Report  of  Findings  (p.  29).  We  have  used 
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She  latter  values.  However,  we  have  also  used  the  Hunten  analytical 
formulas  In  computations  of  effects  presented  In  Volume  1,  as  these  permit 
computations  at  nonintegral  altitudes. 

Note  that  the  NAS  report,  (p.  118)  recommends  that  the  injection 
coefficient  for  aircraft  operating  in  midlatitudes,  should  be  taken  2 km 
above  aircraft  flight  altitude  to  allow  for  the  2-km  difference  between  the 
tropopanse  height  at  Palestine,  Texas,  for  which  latitude  his  K profile 
was  developed,  and  the  tropopause  height  at  typical  aircraft  latitudes. 
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TABLE  D-l.  ATMOSPHERIC  PROPERTIES  AND  PARTICULATE  SETTLING  VELOCITIES  USED 
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ADDENDUM  1 TO  APPENDIX  D 


K.A.  Gardner 

A computer  model  for  1-D  calculation  of  the  atmospheric  residence  time 
of  tracers  is  operational  on  IDA’s  CDG  6Ji00.  Program  EB 6 was  completed  in 
December  1975  from  earlier  versions  (EB^I,  EB5)  developed  in  April  1975. 

Tables  of  ( ita  in  the  program  include: 

• Atmospheric  number  densities 

• Various  estimates  for  eddy  diffusivlty  profile 

• Arrays  of  sedimentation  velocity  for  2 g/om^  particles 

Each  of  these  sets  of  atmospheric  data  are  for  altitudes  from  0 to  75  km, 
with  values  at  each  1 km  increment . 

The  program  will  give  results  for  each  combination  of  eddy  diffusivlty 
profile  and  sedimentation  velocity  array.  Calculations  are  made  for  two 
sink  altitudes,  55  km  and  75  km. 

The  integration  is  done  by  Simpson’s  rule,  with  a ]-km  step  size. 
However,  due  to  discontinuities  in  the  diffusivlty  data,  separate  in- 
tegrations are  done  between  the  altitudes  of  discontinuity  and  summed.  This 
more  careful  treatment  of  these  discontinuities  is  the  primary  difference 
between  EB6  and  earlier  versions  of  the  program. 

The  primary  equations  evaluated  by  program  EB6  are 

Z1 

yUf)  - fi1  J u(z)/K(z)  dz 
0 

f(zx)  - A1  I(z1)e"y(z)  , 
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ADDENDUM  1 TO  APPENDIX  D 
K.A.  Gardner 

A computer  model  for  1-D  calculation  of  the  atmospheric  residence  time 
of  tracers  is  operational  on  IDA’S  CDC  6400.  Program  EB6  was  completed  in 
December  1975  from  earlier  versions  (EB4,  EB5)  developed  in  April  1975. 

Tables  of  data  In  the  program  include: 

• Atmospheric  number  densities 

• Various  estimates  for  eddy  diffusivlty  profile 

• Arrays  of  sedimentation  velocity  i'or  2 g/cm  particles 

Each  of  those  sets  of  atmospheric  data  are  for  altitudes  from  0 to  75  km, 
with  values  at  each  1 km  increment . 

The  program  will  give  results  for  each  combination  of  eddy  diffusivlty 
profile  and  sedimentation  velocity  array.  Calculations  are  made  for  two 
sink  altitudes,  55  km  and  75  km. 

The  integration  is  done  by  Simpson's  rule,  with  a 1-km  step  size. 
However,  due  to  discontinuities  in  the  diffusivlty  data,  separate  in- 
tegrations are  done  between  the  altitudes  of  discontinuity  and  summed.  This 
more  careful  treatment  of  these  discontinuities  is  the  primary  difference 
between  E36  and  earlier  versions  of  the  program. 

The  primary  equations  evaluated  by  program  EB6  are 

Z1 

yU^  - A l J u(z)/K(z)  dz 
0 

f (z]_)  ■ A1  I(Bl)e-y(B>  , 


' "WT'IV.**  ^T-/T77  t i ?Oi?±tvr  > . 


where 


,ji)  “ I Ki^ir^ ey(z)  d/i 


0(8,) 


1(2!) 


v ■ rtr'y-TTi^T 


ai/zi^  - (Aj^Ag)  / f(z)n(z)  dz 


Bq(zi) 


Ai(AiA2)0(2i)  J [«.,)  - I(z)J  e“y^n(z)  dz 


T(*l)  - [bl(zx)  + 0B(81)j/[l  + 0(8,)] 


i 


i 


A run  of  program  EB6  for  three  profiles  of  K(z),  for  gases  and  for 
aerosols  of  seven  different  radii  takes  approximate] y 1 mir.  of  CP  time  and 
22K  octal  words  of  core  on  the  CDC  6-400.  A listing  of  the  program 
follows . 
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ADDENDUM  2 TO  APPENDIX  D 


THE  ANALYTIC  MODEL  “A" 


"1 


For  the  simple  case  of  an  isothermal  atmosphere  with  K and  u independent 
of  height  [see  Eqs . (5),  (6)],  the  whole  problem  can  be  solved  analytically. 
In  particular 


y(z)  - (u/K)z  = b z 


(D.2.1) 


fL(z)  ■ e“y  J (A/Kn)  ey  dz  s e“y  A I-^Cz) 


(D.2.2) 


I1(z)  » [k  n0  (b  + H-1)j  je(b  + H 1)z  - lj 


c H b + H 


-1 


(D.2.3) 

(D.2.4) 


■A 

f s 

i -s 


Bl(Zi)  - f fL(z)  n(z)  dz  - (A/Kc2)  Jc  z1  - 1 + eG  zlj  (D.2.5) 


Case  (i) 


f(z  > z1)  ■ f (z]_) 


Case  (II) 


BG  i^zl^  " f^zl^  n ( z-l )/H"  , 


z2  > z^  such  that  fQ(z2)  * 0 


(D.1.6) 


I t 
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APPENDIX  E 

EMISSION  CONSTRAINTS  ON  NEW  SSTa:  AN  APPROACH 

R.  C.  Oliver 


APPENDIX  E 


EMISSION  CONSTRAINTS  ON  NEW  SSTs:  AN  APPROACH 

E.l  INTRODUCTION  AND  SUMMARY 

It  is  implicit  in  the  treatment  in  the  CIAP  Report  of  Findings  that  an 
environmentally  acceptable  SST  fleet  can  be  built  up  by  reducing  NO.c  emission 
indices  and  fuel  sulfur  content  as  fleet  size  grows  or  as  new  aircraft  are 
introduced.  In  this  appendix,  some  of  the  questions  involved  are  reconsidered, 
estimating  fleet  sizes  permitted  by  various  criteria  for  given  emission  indices, 
or  emission  indices  required  for  specific  fleets.  The  tentative  HAPP  guide- 
lines on  ozone  depletion  (<  0.5  percent)  and  on  climatic  effects  (<  0.1-K 
surface  temperature  change)  are  used.  Fleet  size  (or,  crudely.,  passenger 
miles  delivered)  is  characterized  for  purposes  here  by  annual  fuel  consumption 
at  altitude.  The  possible  numbers  of  aircraft  included  under  certain  assump- 
tions are  illustrated  in  several  cases.  The  procedures  used  are  based  on 
information  available  as  of  September,  1976. 

In  view  of  the  considerable  uncertainty  in  N0X  emission  indices  with 
current  technology  (Section  2),  in  NOx  effects  on  the  ozone  column,  and  in  the 
various  climatic  effects,  it  is  evident  that  calculations  of  the  type  to  follow 
are,  at  best,  illustrative.  Nevertheless,  it  is  believed  that  the  approach 
provides  some  useful,  if  obviously  preliminary,  information,  as  follows: 


a.  If  future  SSTs  operate  at  the  cruise  altitudes  Implied  by  past 
designs,  lower-mach-number  SSTs  (mach  2 or  below)  will  more  easily  meet 
environmental  requirements  than  will  higher-mach-number  SSTs  (much  2.7 
or  above). 

b.  With  ozone  reduction  calculations!  procedures  as  used  in  CIAP, 
permissible  fleet  sizes  would  very  likely  be  unattractive  economically 
with  present  N0X  emission  indices.  If,  however,  the  ozone  column 
sensitivity  to  N0x  emissions  is  as  low  as  suggested  by  some  of  the 
results  from  Lawrence  Livermore  Laboratories  (Section  3),  large  fleets 
would  be  permitted  by  the  0,5  percent  criterion,  particularly  if  cruise 
is  at  about  17  km  (mach  2),  or  below. 


E-3 


taA,\o«saa&ai£  a 


c.  If  an  ozone  reduction  constraint  is  met  by  low  N0X  engines  or  by  an 
accepted  revision  in  the  chemistry  involved,  an  0.1-K  climatic  constraint 
due  to  water  vapor  emissions  may  limit  fleet  sizes,  particularly  if  cruise 
is  at  about  20  km  (mach  2.7),  or  above. 

d.  The  need  to  use  low  sulfur  fuels  is  not  clearly  established. 

Note  that  the  discussion  which  follows  applies  only  to  those  environmental 
matters  discussed  in  the  CIAP  report  and  elsewhere  in  this  report;  thus  conic 
boom  and  aircraft  noise,  e.g.,  which  may  in  fact  be  critical  environmental 
problems-  are  not  discussed.* 

E.2  GUIDELINES  AND  BASIS  FOR  PROCEDURES 

As  guidelines,  the  tentative  maximum  aircraft-induced  levels  of  environ- 
mental change  suggested  by  HAFP  (1975)  of  0.5  percent  reduction  in  ozone  and 
0.1-K  change  in  mean  Northern  Hemisphere  temperature  will  be  applied.  For 
exploratory  purposes  here,  the  reduction  in  ozone  will  be  further  specified  to 
be  that  computed  as  in  CIAP,  using  "corridor-adjusted"  1-D  model  results;  the 
change  in  mean  temperature  will  be  that  computed  by  the  1-D  CCTT  model  of 
Ramanathan  (197*0,  generally  without  adjustment  for  ice-albedo  feedback  effects 
(see  Section  main  text).  The  0.1-K  criterion  will  be  explored  both  in  terms 
of  changes  due  to  individual  exhaust  ingredients  and  net  changes  assuming 
additivity.  SSTs  operating  over  the  mach  1.6  to  meoh  3 range  will  be  considered, 
cruising  at  altitudes  from  15  to  22  km,  as  implied  by  the  empirical  data  plotted 
in  Fig.  E 1. 

E.3  FUEL  FLOW  LIMITS  WITH  CURRENT  EMISSION  INDICES 

In  this  section,  in  order  to  gain  some  appreciation  of  potential  environ- 
mental constraints  on  SSTs,  the  allowable  fuel  flows  per  year  with  today's 
emission  indicates  (as  understood  in  CIAP)** and  HAPP  guidelines  are  computed 
under  various  assumptions.  Fuel  flow  per  year  is  a rough  measure  of  passenger- 
miles  delivered  and  of  the  number  of  aircraft  (of  particular  types)  operating, 
and  should  not  be  extremely  sensitive  to  whether  the  aircraft  Is  designed  for, 
say,  mach  1.6  or  mach  3.  (At  mach  1.6,  however,  the  fuel  consumption  per 
passenger-mile  may  be  somewhat  lower  than  at  mach  3).  A fuel-flow  parameter, 
of  course,  begs  more  complex  questions  as  to  optimum  aircraft  size  and  speed 


P 1 /ft 

•Boom  pressure  Jump  increases  approximately  as  (M  -1)A/  , M being  mach 
number,  and  as  Z~ 3/*^  z being  altitude  (Wilson,  1962).  If  aircraft 
operate  along  the  q-Z  curve  shown  in  Fig.  E-l,  the  sonic  boom  overpressure 
changes  little  between  mach  2 and  mach  7 for  ccnstant-length  aircraft. 
Shape  and  size,  and  temperature  and  wind  gradients  all  enter. 

••That  is,  based  on  probe  sampling  techniques.  See  Section  2.2.3. 


E-*» 


ALTITUDE,  km 


NOTE!  q (dynamic  pressure ) * 1/2  (air  density ) ( velocity  )*; 

values  quoted  In  pound/square  foot  and  newton/square  meter 
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FIGURE  E-l.  APPARENT  OPTIMAL  ALTITUDE  AS  A FUNCTION  OF  MACH  NUMBER  (VELOCITY) 


from  the  standpoint  of  profitability;  such  questions  are  beyond  the  scope  of 
this  discussion.  Note,  however,  that  while  most  U.S.  £ST  proponents  think  in 
terms  of  mach  2.7  (see,  e.g...  Pe^rri,  1975),  at  least  one  large  aerospace  firm 
considers  (or  has  considered)  large  mach  2 aircraft  to  be  preferable  (Fink, 
1973). 

The  ozone-change  constraint  is  tied  to  N0X  emissions  (and  perhaps  in  an 
ill-defined  way  to  water  emissions),  while  the  climate -change  constraint  is 
tied  largely  to  water  vapor  emissions  and  particulates  (see  Section  4).  In 
order  to  demonstrate  which  constraint  controls,  the  fuel  flow  rate  which  leads 
to  0.5  percent  depletion  in  the  region  of  the  flight  corridor  with  a NC>x 
emission  index  of  18  is  first  calculated  for  three  available  models;  the 
fuel  flow  rate  for  which  the  computed  water  vapor  warming  (CCTT,  x * 100, 
hemisphere  factor  of  1.4)  is  then  estimated  without  inclusion  of  any  compen- 
sating effects,  using  procedures  described  in  Section  4 of  this  report.  The 
sulfate  question  is  treated  later.  Results  are  shown  in  Pig.  E-2  and  in 
Table  E-l.  Note  first,  for  the  NC^-O^  question,  the  following  numbers  from 
Table  E-l. 


Altitude, 

km 


TABLE  E-l.  Fuel  Flows  at  Altitude  (10s  kg/yr)  Leading 
to  0.5  Percent  Ozone  Depletion,  at  Emission 


Index  N0X  - 18  gm/kg  as  N02 


ClAP  Chemistry 
^K-|  g * 2 x 10"10  cm3/sec  *) 
Hunt  en /1 97  4 CTA7 CTiangT 


K_  (+2)  ** 


3.63 

2.16 

1.28 

0.964 


12.28 

5.94 

2.40 


Revised  Chemistry 
/k19  - 2 x 10'-1  cm3/sec 


Chang/ 1 974 

K *** 

z 

30  (extrapolated) 
15 
5 

3 (extrapolated) 


*Kig  refers  to  the  OH  + HOg  reaction  to  give  H?0  + 02> 

♦"The  +2  refers  to  the  NAS/1975  recommendation  and  midlatitude  traffic 
effects  be  computed  by  Increasing  the  aircraft  altitude  by  2 km. 

♦♦♦Approximate,  based  on  Duewer  et  al . , 1976.  A factor  of  2.5  on  ozone 
reduction  Is  assumed  at  15  km  to  17  km  and  a factor  of  2.0  at  20  km  to 
22  km.  As  the  multiplier  appears  to  Increase  with  decreasing  altltuda, 
the  value  at  15  km  may  be  low 

1 

Note  that  the  maximum  yearly  fuel  flow  permitted  by  the  NAS/1975  or 

C.TAP/1974  models  is  12.28  x ]0^  kg  if  operating  at  15-km  r-.ltltude  (about  mach 

1.6);  revision  of  increases  this  to  about  3 x 1010  kg/yr.  By  ways  of 

comparison,  according  to  the  NAS/1975  (p.  29),  100  Concorde-type  aircraft 

use  3.49  x 10^  kg  fuel  per  year,  and  100  "large  SSTs"  use  9.13  x 10^  kg/yr. 

Five  hundred  "large  SSTs,"  as  often  discussed,  using  these  figures,  would 
1 n 

require  4.57  x 10“  kg/yr. 
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fIGURE  E-2 . Fuel  Flow  as  Permitted  by  Various  Crite-ia  and  Models.  Proce- 
dures described  in  CIAP  and  in  NAS/1975  are  used  to  adjust  1-D 
results  to  give  "corridor"  and  hemispheric  means.  The  Hunten/ 
1974  (+2)  refers  to  the  recommendation  (NAS/1975)  that  aircraft 
- altitudes  be  raised  2 km  to  give  "corridor"  effects. 
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The  Chang/1974  Kz  model,  with  revised  K^,  would  permit  about  100 
(15/3*5)  or  430  Concorde-type  aircraft  at  17  km,  or  about  100  (5/9)  or  55 
"large  .lSTs"  at  20  km.  The  NAS/1975  model  would  permit  only  14  advanced 
SSTs  at  20  km. 

The  different  models  also  show  different  altitude  sensitivities.  The  j 

Chang/1974  K,,  profile  shows  greater  improvement  with  lower  altitude  flight  ! 

44  i 

than  does  the  Hunten/1974  K profile.  The  results  show  that  4 (Hunben)  to 

Z j 

9 (Chang)  times  as  much  fuel  can  be  tolerated  for  a given  ozone  depletion  at 

15  km  as  at  22  km  at  the  same  emission  index.*  j 

It  is,  of  course,  self-evident  that  if  the  set  of  reaction  rates  happen  ! 

to  be  such,  that  the  net  effect  on  the  ozone  column  by  SSTs  at  17  km  or  20  km 

is  zero,  as  is  possible  (see  Section  3),  then  no  ozone  constraint  would  apply. 

It  should  be  cautioned,  however,  that  these  are  1-D  results  and  averages 
which  might  net  positive  and  negative  effects  in  different  geographical 
regimes  could  be  misleading. 

Fuel  flow  rates  for  the  0.1-K  temperature  change  from  the  water  vapor 
component  are  also  shown  on  Fig.  E-2.  This  constraint  permits  some  tenfold 
larger  fuel  flows  than  does  the  N0X  constraint  with  an  emission  index  of 
18  gm/kg.  A sulfate  constraint  would  give  even  larger  fuel  flows  by  these 

models.  The  water  vapor  computations  are  based  on  c.  residence  time  model, 

AH20 

according  to  the  CCTT  model  (AT  "1.0  -jp j Hf,  where-  AH20  is  the  fuel  flow 

— 1 n 

rate  x 1.25  x residence  time,  HgO  is  1.78  x 10  kg  water,  and  Hf  is  1.4,  the 
hemisphere  factor).  The  data  are  tabulated  below. 

The  observation  that  considerably  more  fuel  flow  is  allowed  at  all 
altitudes  by  the  climate  change  criterion  than  the  0.5  percent  ozone  criterion, 
with  current  emission  indices,  would  still  apply  if  the  1.5  factor  for 
ice-albedo  feedback  were  applied  to  the  AT  calculation.  Climatic  constraints 
may  nevertheless  be  significant,  if  compensation  effects  are  ignored.  Thus, 
the  C.l-K  criterion  permits  only  2.77  x lO1^  kg  fuel  per  year  at  20  km  by 
the  CIAP  model,  or  about  3 x 10^°  kg/'yr  at  the  19.5  km  mean  altitude  for 
mach  2.7  aircraft  as  used  in  CIAP,  versus  4.57  x 1010  called  for  by  the  500 
SST  fleet  referred  to  above.  The  3 x 1010  figure  corresponds  to  about  330 


*It  should  be  pointed  v,ut  that,  at  constant  combustor  inlet  temperature 
the  NOx  emission  index  will  vary  roughly  as  p1'2.  The  square  root  of  the 
pressure  ratio  between  22  km  and  15  km  is  about  1.7.  If  this  effect  is 
applicable  (and  it  depends  on  engine  design),  the  4 to  8 factor  drops 
to  2.3  to  4.6;  also,  higher,  as  opposed  to  lower  altitudes  are  desirable 
for  sonic  boom  minimization,  but  this  effect  is  small. 
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TABLE  E-2.  Fuel  How  rates  for  which  water  vapor  emissions 
lead  to  1.0  K warming,  Ignoring  other  effects, 
109  kg/yr,  for  several  models 


Stratospheric  Residence  Time,* 
XL 


Allowable  Fuel  Flows, 
109  kg/yr 


km 

Chano/1974 

Hunten/1974  (+2) 

CIAP 

Cham-'/ 1974 

Hunten/1974  (+2) 

CIAP 

15 

0.67 

2.66 

1.67 

151.8 

38.2 

60.9 

17 

1.11 

3.88 

2.49 

91.6 

26.2 

40.8 

20 

2.01 

5.30 

3.67 

50.6 

19.2 

27.7 

22 

2.82 

6.02 

4.42 

36.1 

16.9 

23.0 

*See  Fig.  4.1  main  text. 


aircrafts  with  an  additional  1.5  ioe-albedo  feedback  factor,  this  drops  to 
220  aircraft.  With  the  Hunten  model,  and  the  1.5  factor,  this  drops  further 
to  150  aircraft.  The  Chang  model,  without  the  1.5  factor,  would  permit  over 
500  mach  2.7  aircraft.  At  lower  altitudes,  more  aircraft  are  permitted  by 
these  models,  but  the  improvements  are  less  dramatic  than  for  the  ozone  case. 
(Note  again  that  there  is  considerable  question  about  how  the  water  models 
should  be  applied.) 

It  thus  appears  that  should  low  NOx  engines  be  developed,  or  revised 
chemistry  show  ozone  effects  to  be  minimal,  so  that  ozone  depletion  is  not 
controlling,  climatic  effects  may  restrict  advanced  (maoh  2.7)  fleets  to 
modest  sizes,  if  such  effects  are  based  on  available  models  and  residence  time 
approaches  and  compensating  effects  are  not  considered.  The  questions  clearly 
need  further  study. 

E.4  EMISSION  INDEX  VALUES  NEEDED  FOR  VARIOUS  HYPOTHESIZED  FLEETS 
E . 4 . 1 NOj.  Emission  Indices 

Before  proceeding,  a point  should  be  made  with  regard  to  the  effects  or. 
ozone  of  very  low  emission  index  engines,  i.e.,  engines  with  very  high  ratios 
of  water  to  NOx  in  their  exhaust.  It  will  be  remembered  that  the  first  ozone 
depletion  controversy  with  regard  to  SSTs  came  about  because  of  presumed 
destructive  water  effects  on  ozone  (Hearings,  1971).  Later,  a revision  of 
water  reaction  rates  essentially  eliminated  this  aspect  of  the  question  end, 
in  fact,  at  a later  time  Crutzen  (1974)  reported  that  an  increase  in  strato- 
spheric water  vapor  caused  an  increase  in  ozone,  by  tying  up  reactive  NOx 
as  HNO^;  in  Crutzen' s work  a doubling  of  water  vapor  led  to  a 1.5  percent 
Inorease  in  ozone.  McElroy  et  al.  (1974)  found  a 0.1  percent  increase  for 
a 24  percent  increase  in  water  (see  p.  161,  NAS  report).  The  Crutzen 
finding  led  this  author  (Oliver-,  1974)  to  note  that  if  Crutzen' s findings 
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were  true,  an  emission  index  of  about  0.3  for  NOx  would  be  compensated  (in  a 
1-D  model)  by  the  water  vapor  effect;  further,  the  water  vapor  and  sulfate 
effects  were  in  opposite  directions,  so  that,  as  noted  then,  a "zero  Impact" 

SST  could  be  postulated,  "zero  impact"  referring  only  to  net  changes  in  ozone 
and  surface  temperature  according  to  1-D  models.  (The  memo,  however,  was 
intended  more  as  a call  for  study  of  interactive  effects  than  a conclusion. ) 

The  concept  was  subsequently  given  considerable  publicity  by  Perri  (1975). 
Unfortunately,  however,  subsequent  studies  have  failed  to  confirm  Crutzcn's 
computation,  as  mentioned,  e.g.,  in  Section  3 of  this  report.  The  problem  is 
that  great  precision  is  needed  in  both  tne  rates  of  all  the  water  reactions 
and  in  atmospheric  dynamics  before  such  a prediction  can  be  established.  At 
the  present  time,  nc  reliable  statement,  other  than  an  expression  of  ignorance, 
can  be  made  about  the  combined  effects  of  water  s;nd  N0x  emissions,  where  the 
ratio  of  water  to  N0x  is  very  large,  as  would  be  the  case,  for  example,  if  the 
N0X  emission  index  is  brought  to  0.3  or  thereabouts.  In  the  following  calcu- 
lations, water  is  thus  assumed  to  have  no  effect  on  ozone,  but  where  eniBsion 
index  values  less  than  1.0  are  called  for,  the  values  are  underlined  to 
emphasize  the  questions  mentioned  here. 

With  these  caveats,  the  figures  given  in  Table  E-3  fellow  directly  from 
the  figures  given  earlier,  assuming  linearity: 

In  view  of  evident  difficulties  (EPA  Hearings,  27-28  January  1976)  in 
meeting  current  EPA  goals  which,  in  effect,  call  for  about  a twofold  reduction 
in  NOx  emission  index  at  takeoff,  it  would  appear  that  great  difficulty  will 
be  encountered  in  reaching  the  very  low  levels  called  for  above  by  any  of  the 
models.*  It  is  true  that  through  use  of  very  lean  premixed  combustion 
(Blazowski,  CIAP  Monograph  2;  Roffe  and  Perri  et  al.,  1976),  very  low  emission 
indices  have  been  attained  in  the  laboratory,  but  reliable  and  operable  engines 
using  such  techniques  may  or  may  not  be  achievable.  The  emission  index  require- 
ment is  eased  by  operating  at  lower  altitudes,  and  perhaps  with  smaller  rather 
than  larger  aircraft  (to  minimize  R&D  cost  requirements  and  the  number  of 
required  aircraft  to  achieve  profitability). 

E.4.2  Sulfur  Contents 
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The  effects  of  water  vapor  on  climate  are,  according  to  available  models,  S 
opposite  in  sign  to  those  of  sulfur.  It  appears  to  be  a matter  of  viewpoint  J 
whether  or  not  the  net  effects  should  be  computed:  the  CIAP  report  implicitly  j 
recommended  against  doing  sc,  while  the  COMESA  report  argued  for  doing  so.  | 
Because  of  the  uncertainty  in  knowledge  of  climatic  effects,  it  can  be  argued  | 
that  the  computed  effects  of  no  single  component  should  exceed  the  0.1-K  s 


•Again  the  possibility  must  be  recognized  that  N0X  emission  indices  are  higher 
than  given  by  probe  sampling  (Section  2.2.3). 
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TABLE  E-3.  ,N0X  Emission  Indices  Leading  to  O.E 

Percent  0,'one  Depletion  as  a Function 
of  Yearly  Fuel  Flow.  * 


Fuel  Flow,  Operating  Altitude,  km 

i n ■ — • - — 


1 0 * 0 ko/yr 

15 

17 

20 

22 

CIAF  (1974) 

Chemistry,  K-g  - 2 

x 10‘10  cm3/sec 

Hunten/1 974  K2  (+2) 

1 

G . 53 

3.89 

2.30 

1.74 

3 

2.18 

1.30 

0.77 

0. 58 

10 

0.65 

0.39 

0.23 

0.17 

CIAP 

1 

10.08 

5.71 

3.01 

2.14 

3 

3.36 

1.90 

1.00 

0.71 

10 

1.01 

0.57 

0.30 

0.21 

Chang/1974  Kz 

1 

22.10 

10.69 

4.32 

2. PI 

3 

7.37 

3.56 

1 .44 

0.94 

10 

2.21 

1.07 

0.43 

0.28 

Ki9 

■ 2 x 10'11  cm3/sec 

(1976)  ** 

Chang/1974  Kz 

1 

55.0 

27.0 

8.6 

5.6 

3 

18.0 

8.9 

2.9 

1 .9 

10 

5.5 

2.7 

0.9 

0J5 

♦Underscores  denote  N0X  emission  Index  values  of  less  than  1.0,  Indicating 
greater  uncertainties  In  effects  due  to  simultaneous  water  vapor  emissions. 

♦♦Assumes  factor  on  ozone  reduction  of  2.5  at  15  km  and  17  km  and  a factor  of 
2.0  at  20  km  and  22  km. 

criterion  mentioned.  Conversely,  it  can  be  argued  that  if  the  best  available 
scientific  evaluation  of  the  effects  of  aircraft  exhaust  on  climate  show  that 
effects  can  be  minimized  by  adjusting  the  ratio  of  certain  ingredients,  it 
would  seem  imprudent  not  to  take  whatever  steps  are  needed  to  minimize 
computed  climatic  changes,  as  the  penalties  of  any  such  change,  positive  or 
negative,  may  be  significant  in  some  areas.  Other  criteria,  such  as  strato- 
spheric optical  thickness  changes  (see  Section  E-5)  could  then  be  invoked  to 
minimize  total  changes  in  stratospheric  composition. 


5-11 


The  approach  to  balancing  the  effects  is  straightf o.rward  if  the  simple 
models  presented  earlier  are  used.  However,  in  view  of  the  uncertainties, 
ther.e  seems  little  point  in  going  beyond  the  simplest  of  comparisons.  Thus, 
in  CIAP  and  COMESA,  if  ozone  and  N02  effects  were  excluded,  it  was  found  that 
the  cooling  effects  on  mean  surface  temperature  of  fuel  containing  0.05  percent 
sulfur  was  about  twice  the  warming  effects  of  water  vapor;  on  this  basis,  fuel 
should  simply  be  desulfurized  to  approximately  0.025  percent  to  compensate  the 
effects.  With  results  as  presented  earlier  (Table  4-6,  main  text),  the  net 
warming  effect  of  gases  is  about  2 to  7 times  [or  more,  with  Pollack  et  al. 
(1976a)  results]  the  cooling  effect  of  aerosols.  To  compensate,  the  sulfur 
content  should,  on  this  basis,  be  increased  by  2 to  7 times,  i.e.,  to 
0.1  to  0.3?  percent  to  balance  the  effects.  A limit  exists,  however,  in  that 
the  maximum  sulfur  content  in  Jet  A or  A-l  fuel  is  limited  by  specification 
to  0.3  percent . 

As  indicated  in  Section  4 (this  report),  until  internally  consistent  model 
results,  with  interactions  and,  preferably,  with  2-D  or  more  sophisticated 
models  are  available,  exercises  such  as  the  above  are  largely  devoid  of  meaning 
other  than  to  emphasise  the  need  for  such  studies  before  fuel  requirements  are 
established. 

E.5  CHANGES  IN  STRATOSPHERIC  OPTICAL  THICKNESS:  ANOTHER  POSSIBLE  CONSTRAINT 

The  CIAP  Report  of  Findings  treats  a 10  percent  change  in  stratospheric 
optical  thickness  due  to  added  aerosols  as  one  possible  constraint.  A 10 
percent  change  (i.e.,  0.002)  in  stratospheric  optical  thickness  corresponds  to 
a surface  temperature  change  of  about  0.07  K (by  procedures  in  CIAP  Report  el 
Findings,  p.  43)  or  slightly  le&3  (0.06  K),  using  Pollack-Toon  procedures 
(p.  F-116,  Report  of  Findings),  so  that  this  constraint  is  more  severe  than  a 
0.1-K  constraint  based  on  the  partial  climatic  effects  of  sulfate  particulates. 
However,  even  by  the  CIAP*  procedures  wherein  the  residence  times  of  particles 
are  treated  ar  equal  to  those  of  gases,  the  fleets  permitted  by  this  constraint 
are  quite  large:  thus  (p.  101,  Report  of  Findings)  at  today's  nominal  0.05 

percent  fuel  sulfur,  2070  Concordes  are  permitted  by  this  criterion  at  15  km  to 
10  km  on  1100  equal-size  SSTs  (consuming  the  same  annual  fuel  flow  as  Concordes) 
at  18  km  to  21  km.  If  an  advanced  SET  is  assumed,  using  52,000  kg/hr  rather 
than  the  Concorde’s  19,100  kg/hr  (p.  101,  Report  of  Findings)  at  18  km  to  21  km, 
the  corresponding  number  of  aircraft  Is  404;  with  the  correction  for  settling, 
however,  the  number  becomes  correspondingly  larger,  approaching  1000  aircraft. 


*These  procedures,  however,  did  not  include  the  2-km  adjustment  for  flight 
altitude  recommended  by  Hunten.  This  correction  would  reduce  the  quoted 
numbers  by  about  30  percent. 
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The  suggested  optical  thickness  change  criterion  thus  seems  to  be  less 
significant  than  either  ozone  change  or  warming  due  to  water  vapor;  unless  high 
sulfur  fuels  are  used. 

E.6  FINAL  CAVEAT 

An  important  topic  not  treated  here  relates  to  the  risks  associated  with 
uncertainties  in  the  various  estimates  of  effects.  This  question  would  need 
more  detailed  examination  before  "acceptability"  of  some  specific  fleet  could 
be  considered  to  be  established. 
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CALCULATIONS  OF  TIME-DEPENDENT  HYPOTHETICAL  SST  FLEET  EFFECTS 
ON  OZONE  REDUCTION  AND  MEAN  SURFACE  TEMPERATURE 

R.  C.  Oliver 
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APPENDIX  F 


CALCULATIONS  OF  TIME-DEPENDENT  HYPOTHETICAL  SST  FLEET  EFFECTS 
ON  OZONE  REDUCTION  AND  MEAN  SURFACE  TEMPERATURE 

F.l  INTRODUCTION  AND  SUMMARY 

Because  aircraft  fleets  would  be  expected  to  change  with  time,  it  would 
be  of  obvious  interest  to  be  able  to  predict  any  resulting  effects  as  a 
function  of  time.  Unfortunately , as  discussed  at  some  length  in  Sections 
3 and  4 of  this  report,  there  are  still  many  uncertainties  regarding  the 
magnitude  and,  in  some  cases,  even  the  direction  of  changes  that  would  occur 
even  with  steady-state  operation  of  hypothetical  fleets.  The  same  diffi- 
culties obviously  apply  in  estimating  time-dependent  effects,  and  these 
difficulties  are  increased  by  questions  about  rates  of  response  and  perhaps 
by  initial  phenomena  which  differ  in  direction  from  steady-state  phenomena. 
Some  of  this,  on  the  ozone  question,  was  discussed  in  Section  3 of  this 
report;  here  the  time-dependent  question  is  pursued  one  step  further  to 
include  also,  for  illustration  purposes,  possible  time-dependent  aspects  of 
changes  in  mean  surface  temperature.  The  procedures  used  are  fundamentally 
those  available  at  the  end  of  CIAP,  modified  somewhat  for  present  purposes; 
in  view  of  the  uncertainties  in  these  procedures,  it  is  probably  best  to 
consider  the  results  as  being  indicative  of  the  types  of  information — 
preferably  however  in  more  than  one  dimension — that  modelers  may  eventually 
be  asked  to  provide. 

The  case  examined  assumes  a fleet  of  378  Concorde-type  SSTs  building  up 
over  a 25-year  period,  thereafter,  for  model  purposes,  remaining  constant  in 
size  and  emissions.  This  fleet  is  one  postulated  in  CIAP  as  being  necessary 
to  meet  SST  requirements  in  the  "1990  upper-bound"  traffic  case,  although  this 
time  frame  has  been  extended.  The  effects  of  time  lags  in  ozone  reduction 
and  climatic  changes  are  illustrated.  Effects  of  N0X  reduction  and  fuel 
desulfurization,  the  range  of  values  which  can  be  generated,  without  going 
outside  the  framework  of  the  models,  is  shown. 

This  work  was  carried  out  in  the  spring  of  1976,  using  Information 
available  at  that  time.  Its  tenuous  nature  cannot  be  overemphasized. 

Detailed  procedures  are  included. 
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F . 2 FLEET  SELECTED  AND  RESULTS  OBTAINED 


The  fleet  is  assumed  to  grow  according  to  a Gompertz-type  growth  curve, 
as  in  CIAP  Monograph  2.  Specifically,  the  fleet  is  assumed  to  grow  according 
to: 

'^aircraft  = 500[exp(-4.125)  x (0.39384)  (I_1)]  for  I = 1 to  25, 
and  378  thereafter. 

This  expression  calls  for  about  8 aircraft  at  year  1,  12  aircraft  at 
year  2,  36  aircraft  at  year  5,  111  aircraft  at  year  10,  212  aircraft  at  year 
15,  306  aircraft  at  year  20,  and  378  aircraft  at  year  25.  The  fleet  Is  held 
constant  at  378  aircraft  after  year  25  to  show  steady-state  effects.  The 
378-aircraft  figure  comes  from  the  CIAP  1990  upper*-bound  fleet  for  the  case 
where  the  only  SST  class  assumed  to  be  available  in  the  Concorde-Tupolev, 
but  the  time  frame  has  been  extended. 

It  Is  assumed  for  purposes  here  that  new  engines,  combustors,  or 
aircraft  with  lower  emission  indices  will  be  brought  into  service  in  time  to 
prevent  ozone  depletion,  using  the  CIAP  model,  from  exceeding  0.5  percent  in 
the  Northern  Hemisphere.  The  uncontrolled  emissions  case  is  also  considered. 
The  results  are  .given  in  Pig.  P-1,  detailed  input  data  for  which  follow 
(Table  F-l) . Figure  F-l  is  based  on  the  CIAP  procedures;  the  procedures  are 
based  on  Chang/1974  and  Hunten/1974  profiles.  Table  F-l  includes  only  the 

16.5- km  emissions,  which  dominate  the  effects;  the  figure  includes  both 

13.5-  and  16.5-km  emissions. 

Several  points  should  be  noted  about  Fig.  F-l.  First,  it  should  be 
reemphasized  that  the  case  is  a hypothetical  one,  and  the  procedures  involve 
many  uncertainties.  Also,  the  emission  reduction  schedule,  implying 
instantaneity , is  obviously  unrealistic.  Nevertheless,  certain  features  should 
be  noted,  which  may  (or  may  not)  be  qualitatively  correct,  but  (particularly 
items  3 and  4 below)  are  certainly  poorly  established. 

1.  The  ozone  depletion  lags  the  fleet  buildup  by  several  (2-3)  years. 

2.  The  climatic  charges  are  small  and  will  lag  some  additional  years 
behind  the  other  changes — perhaps  5-10  years.  The  lag  shown  assumed  a 

6. 5-year  response  time  (which  may,  in  fact,  be  too  long). 

3.  The  particulate  cooling  and  ozone  depletion,  according  to  this 
model,  are  insufficient  to  compensate  for  HjO  and  N02  warming. 
Desulfurization  would  increase  net  warming. 

4.  NOx  reduction,  again  by  this  model,  by  reducing  the  ozone  depletion, 
results  in  a somewhat  larger  net  warming. 
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Sulfates  (as  75#  HjSC^) 

Background  data,  natural  atmosphere 

Global  stratospheric  water,  kg  1.1 

Global  stratospheric  N02  l.J 

Fraction,  N02  of  odd  nitrogen 

Climate  response  time,  yr  to  "e-fold” 

Fleet  buildup  assumption:  number  aircraft  - 

500[exp(-4.  135(0. 89384 ) (I'“1 5 ) ] for  I - 1 to  25,  378  thereafter 

Model:  Constant  cloud-top  temperature  with  X - 150  for  gases 

Pollack  and  Toon '3  results,  p.  F-116,  Report  of  Findings, 
for  particulates 

Pollutant  70  percent  in  Northern  Hemisphere 


4.5,  18 
1250 

2.04 

1.78  x 1012 
1.58  x 109 
0.27 

6.5 


•Includes  2-km  adjustment  on  flight  altitude,  as  recommended  by  NAS/1975. 
••Based  on  calculations  by  E.  Bauer  (Appendix  D) . 
tOzone  depletions  assumed  to  be  linear. 


F. 3 EFFECTS  OF  MODEL  ASSUMPTIONS 


In  order  to  gain  aome  insight  into  the  range  of  numbers  which  can  be 
generated  within  these  modeling  approaches.  Table  P-2  has  been  prepared.  The 
effects  tabulated  therein  are  "steady-state"  values,*  resulting  from  continued 
operation  of  the  hypothetical  378  aircraft  fleet  postulated  in  Pig.  P-1;  the 
emissions  at  13*5  km  have  however  been  ignored.  Assumptions  include  two  emis- 
sion indices  on  NO,,  (4.5  and  18),  three  K_  profiles  (in  effect),  and  two 

A « 

estimates  of  possible  climate  change  coefficient  (x).  For  the  uncontrolled 
emission  case  (E.I.NO  * 18),  the  net  climate  change  estimates  (if  summing  of 
positive  and  negative  changes  is  permitted,  and  this  is  indeed  questionable) 

Vctry  by  about  17-fold,  from  0.00203  to  0,0341  K.  For  the  controlled  N0X 
emission  case  (E.I.NOx  ■*  4.5),  the  range  is  0.00383  to  0.0484  K.  These  figures 
by  no  me  • exhaust  the  range  of  possible  results  for,  with  use  of  Coakley's 
(1976)  lo„  values  for  water  vapor  heating,  or  of  different  optical  properties 
for  aerosols  or  with  a lesser  correction  for  particulate  setting,  small  negative 
values  of  net  temperature  change  could  be  obtained.  In  general,  however,  a 
larger  cooling  effect  from  aerosols  lead  to  a net  temperature  change  closer  to 
zero.  The  entire  computational  effort  assumes  0.05  percent  sulfur  In  the  fuel, 
and  this  figure  is  neither  precise  nor  necessarily  invariant  with  time. 


•After  decades,  not  after  thousands  of  years  (see  CIAP  Monograph  4,  p.  7-47, 
also  Chapter  4,  this  report). 


P-7 


F-2.  (CONTIHUED) 


rH 

r-*. 

O 

Cvj 

0 

00 

VO 

O 

Is- 

ON 

• 

C- 

• 

a 

04 

O 

o 

o 

< 

00 

■d* 

H 

rH 

• •*• 

o 

O 

O 

•*r» 

o 

• A 

r*\ 

• 

O 

• 

in 

d 

o 

o 

o 

o 

CM 

ON 

o 

rH 

• 

• 

o 

O 

XX 

p 


-J- 

t*- 

HI 

43 

P 


si* 


00 

in 

cm 

04 

C— 

rH 

rH 

CM 

• 

o 

• 

c- 

O 

vo 

rH 

co 

in 

04 

**> 

o 

O 

VO 

o 

• * 

■sr 

• 

ON 

O 

rH 

o 

CM 

m 

ON 

O 

eg 

• 

• 

o 

o 

43 

bO 

4) 


d* 

h* 

J5T 

CM 

on 

in 

m 

o 

m 

cn 

oo 

• 

in 

• 

t— 

o 

CVJ 

o 

o 

o 

o 

• ** 

o 

o 

• 

• A 

o 

vo 

o 

rH 

00 

OO 

o 

ao 

o 

O 

• 

• 

o 

o 

CO 

6 

03 

rH 

O 


in 


d 

«H 

H 

« 

aj 

CO 

o 

o 

cvj 

B 

O 

0.1 

O 

\ 

rH 

S3 

2 

bO 

bO 

s 

\ 

a 

o 

CVJ 

s-' 

* 

Oi 

O 

03 

S3 

Z 

CO 

4) 

< 

< 

<3 

9 

■C 

O 


o 

0 

1 

•p 

<0 

i1 

0) 


o 

ml 


X 

g 

o 

o 


O 

VO 

vo 

in 

t- 

in 

rH 

ON 

in 

in 

in 

o 

oo 

ON 

VO 

vo 

on 

t 

• 

• 

* 

• 

rH 

o 

rH 

O 

o 

rH 

rH 

in 

s 


p 

c 

4) 

O 

P 

>V 

CU 


pn 

O 

V 

m 

O 

< 

l 


•d 

4) 

d 

O 

o 

03 

03 

cd 

4) 

a 

03 

0) 

d 

rH 

d 

> 

*4 

4) 

* 

S 


00 

r- 

cm 

vO 

H 

vo 

o 

O 

• 

vo 

J 

VO 

o 

• 

vo 

• 

•d* 

• 

rH 

• 

ON 

ri 

rH 

i 

O 

o 

o 

o 

o 

rH 

a 

1 

[*< 

CO 


p 

fc 

o 

a 

4) 

(4 


* 

•G 

•rH 

M 

o 

04 

< 

* 

* 

?! 

W 

H • 

c 

5 

P 

o 

XX 

c 

•st* 

o 

o 

4) 

43 

tv 

CO 

•rH 

.G  c 

1 

1 

O 

P 0 

M 

>p 

•rH 

•H 

o 

4) 

44 

B P 

o 

nj 

a) 

rH 

4) 

U 

o o 

CM 

O 

rH 

* 

Oh 

43 

P 43 

« 

V 

(VI 

o 

rH 

O 

«0 

O 

p 

3 

< 

H 

O 

O 

4-(  CO 

c 

CM 

S 

04 

o 

t-H 

O 

43  43 

CM 

o 

(V) 

** 

4) 

JH  4> 

33 

z 

o 

CO 

X 

td  o) 

<2 

< 

< 

< 

P 

s-> 

O 

P 


>»  *H 


P> 

a 

d 

p 

o 

c 

0> 

4) 

o 

a 

* 


p >> 
c *g 
a>  3 

. p 

O CQ 
4-i  P 

4-«  a 

43  4) 
O O 
O 43 
P 
4) 

03  43 
4)  03 

£3  2 
IH  S 


P-9 


ADDENDUM  - APPENDIX  F 


TIME-OEPENDENT  EFFECTS  PROGRAM 
General 

The  procedure  involves  consideration  of  aircraft  fleets  operating  in  up 
to  four  altitude  bands,  each  with  time-varying  fuel  flow  rates  and  with  time- 
varying  emission  indices;  for  the  SST  case  presented  in  Pig.  P-1  only  two 
bands  were  used.  The  fleets  are  assumed  to  change  in  a stepwise  year-by-year 
fashion.  This  procedure  permits  any  growth  curve  to  be  approximated.  Burdens 
of  pollutants  are  computed  a3  a function  of  time  in  each  band  independently. 

In  this  example,  all  effects  are  assumed  to  be  linearly  additive;  had  large 
ozone  reductions  been  under  consideration,  a program  modification  would  have 
been  neoesaary  to  prevent  total  ozone  reductions  from  exceeding  100  percent. 
Ozone  reductions  at  a given  time  are  taken  as  a function  of  the  burden  of 
NOx,  without  consideration  of  any  delays  due  to  kinetic  or  transport  factors; 
the  procedure  thus  treats  response  times  and  residence  times  to  be  equal,  an 
assumption  which  is  erroneous  in  general  but  does  not  introduce  serious  errors 
for  SST  altitudes.  Por  temperature  change  total  response  time  is  largely 
controlled  by  the  climatic  response  time. 

Climatic  effects  are  computed  for  SOg  (sulfates),  HgO,  N0v,  and  0^ 
changes  Independently.  As  a matter  of  interest,  the  sulfate  (particulate) 
cooling  effect  and  the  summed  gas  effects  (0^,  HgO,  NOg)  are  reported 
separately  as  well  as  being  summed.  Climatic  effects  are  computed  from 
burdens  and  from  injection  rates  in  each  band.  Provision  is  made  for 
inclusion  of  an  initial  temperature  anomaly  if  desired.  Particulates  are 
permitted  to  have  different  residence  time  than  gases. 

Climatic  effects  modeled  are  only  those  available  under  CIAP,  with 
correction  for  sedimentation  of  aerosols. 

« 

Pollutant  Burdens  aid  Climatic  Temperature  Chances 

The  assumption  is  that  mean  temperature  (T)  responds  as  follows,  if 
displaced  from  a reference  temperature  (TR) 

||  * -X(T  - Tr)  , (P.1.1) 


where  A-l/C,  C being  a climatic  response  time  (in  years). 


In  this  work,  it  Is  assumed  that  TR  Is  related  to  a steady-state 


pollution-free  temperature  (T0),  according  to 


TR  = Tq  - ofl(t)  , 


(P.1.2) 


where  a Is  a temperature  coefficient,  and  q(t)  is  the  quantity  of  pollutant 
material  present  at  time  (t). 

It  follows  that,  in  general. 


(T  - Tq)  = (T  - XQ)t  e 


5 


+ f e*x(t"T)[-aXq(T)]  dr  . (P.1.3) 


For  an  idealized  stratosphere,  in  which  foreign  materials  are  removed  at 
a rate  proportionate  to  their  quantity  present,  but  to  which  material  is 
being  continuously  added  at  a rate  p(t) 


4S  + kq  = p(t)  , 


(P.1.4) 


for  which,  if  p(t)  can  be  considered  constant  over  a certain  time  period, 
t-tQ,  Eq.  (P.1.4)  becomes 


q(t)  * q*.  e 
o 


(F.1.5) 


which  for  each  constituent,  in  each  altitude  band,  can  be  substituted  into 
Eq.  (F.1.3),  to  obtain  Eq.  (P.1.6). 


-Ut-tQ)  Xai,j  qi,j,(t0)  ( -k4  4<t-t  ) 

3 * I --k---- — ve 

i,3  1,3 


(T  - T ) = (T  - T0)t  e 
o 


•x(t-to) 


; ,,,, 


where  1 refers  to  constituents  and  3 refers  to  altitude  band. 


8 * 


F-12 


As  noted  earlier,  t-t  here  is  taken  in  one-year  increments,  and  p is 
taken  as  the  average  yearly  injection  rate  of ‘each  pollutant. 

Equation  (P.1.6)  is  the  basis  of  the  computational  program.  The  burden 
(q)  and  injection  rate  (p)  of  each  temperature-changing  material  are  computed 
on  a year-to-year  basis.  The  injection  rate  is  the  yearly  average  fuel  flow 
rate  times  the  emission  index  for  that  year. 

As  a first  step  in  the  computations,  global  average  effects  are 
determined.  TheJe  effects  are  then  computed  for  the  hemisphere  (or  corridor) 
of  interest  by  inclusion  of  appropriate  weighting  factors.  Computations 
specific  to  the  Northern  Hemisphere  are  included  in  the  material  presented  in 
the  main  text . 

Machine  Program  and  Output 

A listing  of  the  machine  program  as  written  follows,  along  with  two 
illustrative  output  cases  for  the  hypothetical  378-SST  example  Just  described. 
In  one  case,  N0x  emissions  are  assumed  to  be  controlled;  in  the  other,  they 
are  uncontrolled.  The  CIAF  model  is  used  in  the  output  attached.  ' 

Nomenclature  follows. 
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APPENDIX  G 


DETECTABILITY  OF  ENVIRONMENTAL  CHANGES 
CAUSED  BY  AIRCRAFT  EFFLUENTS  --  SOME  COMMENTS 

G . 1 INTRODUCTION  AND  SUMMARY 

In  this  brief  section,  some  comments  are  offered  on  the  detectability 
of  aircraft-induced  changes  in  ozone  or  in  climate  which,  according  to 
theory,  should  result  from  some  particular  aircraft  source.  It  is  noted, 
with  regard  to  ozone  column  changes , that  the  detectability  problem  varies 
with  the  type  of  perturbation:  A pulsed  event,  such  as  a nuclear  weapons 

test  or  a solar  proton  event,  differs  from  a "step"  event  (a  large  fleet  of 
aircraft  beginning  and  continuing  operations)  and  both  differ  from  a gradually 
increasing  source,  such  as  a fleet  building  up  with  time  or  the  increasing 
release  of  chlorofluoromethanes  in  the  troposphere.  Effects  from  the  gradually 
increasing  source  would  be  the  most  difficult  to  assign  unambiguously  as  to 
cause.  Detectability  will  be  enhanced  by  combining  models,  meteorology,  and 
atmospheric  measurements  at  various  latitudes  and  altitudes.  Climatic  changes 
are  more  difficult  to  detect  and  credible  means  to  ascribe  and  distribute  the 
causes  do  not  seem  to  be  at  hand. 

In  all  cases,  because  of  time  delays,  control  procedures  must  be 
anticipatory  and  based  on  mathematical  models;  the  purpose  of  "known 
cause"-"measured  effect"  studies  is  to  validate  such  models. 

G.2  DETECTABILITY  OF  AIRCRAFT-INDUCED  CHANGES  IN  OZONE 

The  detectability  of  changes  in  mean  ozone,  averaged  over  some  time 
period  and  geographical  region,  is  a subject  in  apparent  need  of  additional 
work.  Thus,  the  CIAP  Report  of  Findings  (pp,  70-73,  82),  based  on  an 
interpretation  and  extrapolation  of  arguments  presented  by  Pittock  (197^), 
concludes  that  a change  due  to  aircraft  of  0.5  percent  per  decade  is  "barely 
discernible"  (with  95  percent  confidence)  after  10  years  of  observation; 
however,  Angell  and  Korshover  (1975)  report  values  of  annual  percentage 
changes  over  specific  stations  as  low  as  0.1  percent.  Also,  if  Fittock’s 
arguments  are  examined  further,  it  would  seem  questionable  that  the  figure 
of  0.5  percent  quoted  in  the  CIAP  Report  of  Findings  can  be  Justified;  in 
fact,  the  10-year,  95-percent  confidence  line  value  given  by  Pittock  with 
an  "ideal  global  network"  is  about  1.9 ‘percent.  According  to  Pittock, 
removal  of  the  mean  annual  cycle  would  reduce  this  by  a factor  of  2 or  so; 
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more,  however,  apparently  by  reducing  the  time  required  to  detect  a given 
change  than  the  change  noticeable  at  a given  time.  If  so,  to  use  Pittock's 
curve,  an  ideal  global  network  would  permit  detection  of  a change  of  0.7 
percent  in  10  years  rather  than  20  years  as  plotted  by  Pittock.  In  the 
CIAP  Report  of  Findings  (p.  76),  it  is  assumed  that  8l,  rather  than  Pittock's 
9 independent  ozone  stations,  can  be  established,  but  the  CIAP  report  does 
not  note  the  possible  correction  for  mean  annual  cycle. 

The  trend  detection  problem  is  a difficult  one,  and  subject  to  severe 
errors  in  interpretation,  as  pointed  out  by  Birrer  (1974),  who  notes  that 
the  slope  of  a trend  line,  and  indeed  the  sign,  depends  cn  the  starting 
point  and  end  points  used  in  estimating  the  trend,  that  different  period 
lengths  may  yield  quite  different  trend  values,  and  varying  amplitudes  can 
strengthen  or  weaken  these  effects;  also,  the  longer  the  period  analyzed, 
the  smaller  the  trend  values  found.  He  concludes  that  "Definitely  periods 
of  5-10  years  are  too  short  to  make  any  statements  about  the  future." 

Another  problem  alluded  to  by  Birrer  results  from  the  fact  of 
large-scale  flow  patterns  in  ozone;  that  is,  the  variation  in  ozone  with 
longitude.  Should  these  patterns  shift,  a single  station  would  find  an 
apparent,  but  in  a sense  a spurious,  change  in  ozone.  Obviously,  if  perhaps 
to  a lesser  degree,  a global  network  of  land-based  stations  would  be  subject 
to  the  same  problem.  Note,  for  example.  Fig.  0-1,  taken  from  ICAS  (1975), 
which  shews  the  longitudinal  variations  of  ozone  and  the  nonuniform  distri- 
bution of  stations. 

A point  which  must  be  considered  in  detecting  aircraft-induced  effects 
on  ozone  is  that  numerous  possible  causes  of  ozone  change  have  been 
identified,  of  which  aircraft-induced  changes,  in  the  absence  of  large  SST 
fleets,  would  be  a small  part.  The  potential  causative  agents  of  ozone 
change  include  changes  in  halocarbons,  nitrous  oxide,  nuclear  detonations, 
and  solar  phenomena. 

In  this  connection,  it  should  be  noted  that  fundamental  differences 
exi3t  between  tropospheric  surface  sources  of  possible  ozone-destroying 
ingredients,  and  stratospheric  sources  in  terms  of  time  lags  and  perhaps  in 
global  uniformity  of  effects.  Stratospheric  measurements  of  halocarbon- 
derlved  species  as  a function  of  time  could  provide  the  information  on  which 
the  effects  of  halogens  on  ozone  would  be  separated  out. 

The  obvious  way  to  improve  on  the  ozone  measurement  situation  is  to 
utilize  satellites  to  continuously  record  global  ozone  levels,  necessarily, 
however,  coupled  with  ground  stations  for  periodic  recalibration.  The  type 

of  data  obtained  are  described  by  Heath  (1974).  A number  of  problems 

data  handling  alone  being  a significant  one — arise,  which  we  have  not 
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FIGURE  S-l.  The  Mean  Global  Total  Ozone  Distribution  with  the  Ozone  Amount  given  In  Units 
of  m-atm-rm  (after  Gebhart,  Bojkov,  and  London,  1970) 

Source:  I CAS,  1975 


attempted  to  evaluate.  We  note,  however,  that  the  satellite  data  reported 
by  Lovill  (Fig,  35,  p.  70,  CIAP  Report  of  Findings),  which  purport  to  show 
-Up  to  10  percent  changes  in  global  ozone  inventory  over  time  periods  of  a 
few  days,  have  been  attacked  as  being  unrealistic  in  a physical  sense.  One 
problem  associated  with  Jlimhus  4,  interference  by  the  South  Atlantic  anomaly, 
will  be  minimized  in  Nimbus  G by  inclusion  of  a chopper  circuit.  Nimbus  G 
is  scheduled  for  launch  in  the  last  quarter  of  1978.  The  high-altitude 
(30  mbar  to  0.4  mbar)  data  collected  by  Nimbus  4 are  affected  by  the  anomaly, 
but  the  error  Introduced  has  little  effect  on  the  global  total  ozone  or 
zonal-averaged  ozone  maps  (Heath,  1976). 

Much  of  the  above  discussion,  and  the  CIAP  treatment,  refers  to 
detections  of  trends.  While  it  is  recognized  that  aircraft  traffic  generally 
increases  as  a function  of  time,  the  question  of  trends  and  their 

\ 
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detectability  and  predictability  may,  in  fact,  not  be  particularly  relevant.* 
Thus,  for  an  instantaneous  event,  such  as  ozone  depletion  following  the  large 
solar  proton  event  of  August  1972  (Crutzen,  1975),  the  question  of  trends 
does  not  enter;  rather,  a stepwise  change  in  ozone  level,  which  is  most 
detectable  in  certain  latitudes  and  above  certain  altitudes  (where  the  change 
involved  is  a significant  percentage  of  the  column)  is  looked  for.  While 
aircraft  effluents  will  cause  a more  diffuse  effect  on  ozone,  both  geograph- 
ically in  terms  of  the  total  column  and  vertically  in  terras  of  distribution 
than  does  a solar  proton  absorption  event,  the  principle  that  changes  should 
be  sought  where  and  when  changes  are  predicted  is  still  valid.  A square 
wave  source,  such  as  a suddenly  imposed  constant  fleet  of  SSTs,  is  clearly  a 
different  problem  from  a detectability  standpoint  than  would  be  a fleet 
growing  gradually  with  time.  Most  likely,  aircraft  effluents,  as  from  an 
SST  fleet,  would  vary  to  some  degree  seasonally,  and  change  year  by  year. 

Such  changes  would  modulate  ozone  columns  and  ozone  concentrations  (and 
certain  trace  species)  at  various  altitudes  and  latitudes  and,  if  some 
measure  of  aircraft  effluent  deposition  were  available,  one  could,  by 
coupling  in  model  predictions,  know  where,  at  what  altitudes,  and  when  to 
look  for  changes  having  the  highest  signal-to-noise  ratio.  Emission  rates 
could  be  obtained  either  directly  from  known  fuel  consumption  and  emission 
indexes,  or  indirectly  from  measures  of  some  tracer  constituent  (such  as 
vanadium  naturally  in  the  kerosene,  or  perhaps  an  ingredient  purposely 
added  in  known  amounts).  By  this  approach,  one  would,  in  effect,  add  an 
extra  dimension  (or  more)  to  the  Plttock  analysis,  minimizing  the  questions 
associated  with  other  changes  caused  by  solar  cycles,  halocarbons,  etc., 
and  should  improve  the  information  content  thereby.  This  sort  of  "pattern 
analysis"  is  Implicit  in  the  CIAP  Report  of  Findings  discussion  on 
monitoring,  but  not  clearly  distinguished  from  trend  questions,  etc.,  as 
in  the  Pittock  analysis. 

Returning  for  a moment  to  an  earlier  discussion  as  to  whether  ozone 
changes  and  trends  of  a few  tenths  of  a percent  could  be  detected  over  a 
time  period  of  a few  years,  considering  the  arguments  raised  by  Pittock 
(1974)  and  Birrer  (1974),  and  the  data  reported  by  ICAS  (1975),  it  should  be 
noted  that  Angell  and  Korshover  (1975)  appear  to  be  simply  reporting  data 
as  measured  (and  smoothed  in  some  cases)  for  certain  stations  and  groups  of 
stations;  they  point  out  chat  3ome  of  the  data,  for  example,  are  not 
significant  at  the  5 percent  level.  They  state  further  that  in  their  opin- 
ion, "it  is  impractical  to  determine  a precise  average  on  a hemispheric 
or  global  scale."  In  general,  however,  it  should  be  noted  that  the  Angell 


•See  also  Section  G.4. 
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and  Korshover  approach  is  one  which  couples  in  a great  deal  of  meteorological 
and  background  data  in  the  detection  of  effects  rather  than  one  which  takes 
a purely  statistical  approach,  so  that  the  detectability  of  changes  would 
seem  to  be  enhanced.* 

G.3  DETECTABILITY  OF  AIRCRAFT-INDUCED  CHANGES  IN  CLIMATE 

This  problem  is  a far  more  difficult  one  than  that  of  detecting  changes 
in  ozone.  Again,  aircraft  effects  would  be  expected  to  be  small  relative  to 
other  effects  (e.g.,  CO^  from  combustion).  Certain  effects  might  be  noticed 
and  measured,  e.g.,  the  incidence  of  contrails,  and  perhaps  the  aircraft 
contribution  to  stratospheric  particulates  (soot,  H^SO^)  and  optical  depth, 
etc.,  might  be  determined  by  some  tie  of  trace  metal  content  of  stratospheric 
particulates  to  the  fuel  composition.  But  in  view  of  the  theoretical 
problems  involved  in  predicting  (or  establishing)  climate  change,  the  small 
expected  changes  mixed  among  larger  expected  changes  and  the  poorly  known 
time  lags  involved,  it  would  appear  that,  at  present  at  least,  no  credible 
means  for  detecting  aircraft-induced  changes  in  climate  can  be  proposed. 

Any  policy  decisions  or  climate  change  will  necessarily  be  based  almost 
entirely  on  modeling  results  without  the  benefits  of  validation.** 

G.4  PURPOSE 

The  purpose  of  efforts  to  detect  aircraft-induced  changes  must  not  be 
forgotten.  The  basic  purpose,  in  this  author's  '-pinion  at  least,  is  model 
validation.  Effects  will  lag  and  corrective  procedures  must  anticipate 
fleet  growth;  by  the  time  actual  fleet  effects  are  measurable  unambiguously, 
the  changes  involved  could  be  unacceptably  large.  Model  validation,  however, 
may  be  achievable,  if  imperfectly,  by  examination  of  a variety  of  pertur- 
bations, Including  nuclear  weapons  tests,  solar  proton  events,  etc. 


*See  Tribus  (1970)  for  a discussion  of  the  misuse  of  statistics  in 
connection  with  cloud  seeding.  He  argues  that  "most  existing 
statistical  approaches  do  not  permit  us  to  use  all  that  we  really 
know . " 

••Reference  here  is  to  the  combined  effects  of  aircraft  exhaust 
products.  Some  partial  validation  of  the  effects  of  aerosols  can 
be  claimed  in  examining  the  volcanic  and  climate  records  (see 
Oliver,  1976). 
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